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FACULTY OF ENGINEERING, SCIENCE & MATHEMATICS
SCHOOL OF PHYSICS AND ASTRONOMY
Doctor of Philosophy
Semiconductor Seeded Fibre Ampliﬁed Sources of Ultra Short Pulses
By Stephen Paul Elsmere
This thesis reports upon an experimental investigation of passively mode-locked op-
tically pumped vertical-external-cavity surface-emitting semiconductor lasers (VEC-
SEL). Mode-locked VECSELs are a compact source of ultra-short pulses at GHz rep-
etition rates, with pulse lengths as short as 190 fs being generated directly from the
laser. The VECSEL is a power scalable device offering spectral versatility through
band gap engineering of semiconductor gain material.
Here, for the ﬁrst time the technique of frequency resolved optical gating (FROG)
has been used to record a second harmonic spectrogram of the VECSEL pulse train,
from which the phase information of non-transform limited sub-picosecond pulses
has been retrieved. I also report the characterisation of a single stage VECSEL seeded
ytterbium-doped ﬁbre ampliﬁer, capable of increasing the average power of a VEC-
SEL from 20 mW to over 1.5 W while maintaining the sub-picosecond duration of
the pulse train. The ampliﬁer is capable of operating at any repetition rate obtainable
with a VECSEL, ampliﬁcation is demonstrated here with 1 GHz and 6 GHz seeds.
Finally, the nonlinear evolution of VECSEL pulses inside a single stage ﬁbre am-
pliﬁer has been investigated. Computer modelling of the linear gain and nonlinear
pulse propagation within a single ﬁbre has been used to design an ampliﬁer capable
of producing pulses with a parabolic proﬁle. The modelling reveals that a parabolic
ampliﬁer would produce spectrally broader linearly chirped pulses which could be
compressed to below 100 fs, with average powers > 3 W. An experimental realisa-
tion of the parabolic ampliﬁer will require a seed with average power greater than
100 mW, this could be achieved with a re-growth of an existing sample, QT1544.
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Introduction
The vertical external cavity surface emitting laser (VECSEL) also known as the sur-
face emitting semiconductor laser or semiconductor disc laser, is a power scalable
device, offering spectral versatility through bandgap engineering of a semiconduc-
tor gain, while capable of delivering Watt level powers in a nearly diffraction lim-
ited TEM00 output beam. Optically pumped VECSELs act as brightness converters,
changing the high power, poor beam quality of an edge emitting diode laser into a
high power high quality output beam. The external cavity not only controls the qual-
ity of the output beam, but allows for added functionalities of the laser by inserting
extra elements such as frequency doubling crystals into the cavity. Because of these
added functionalities and the spectral versatility of semiconductors, the VECSEL is
an alternative source to many solid state lasers as well as other semiconductor lasers.
VECSELs with tens of Watts output power have been demonstrated at wave-
lengths near 1 mm; such high power high brightness sources can be used in pref-
erence to edge emitting diodes, for material processing or optical pumping of other
lasers, whenatightlyfoccussedTEM00 beamisrequired. Bandgapengineeringofthe
semiconductor gain enables VECSELs to operate over a wide range of wavelengths
with potentially very high bandwidths, for example, a tuning range of 150 nm has
been demonstrated near 2 mm [1]. The external cavity of the VECSEL increases the
functionality of the device. By inserting additional elements into the cavity applica-
tions such as intracavity frequency doubling, passive mode locking and intracavity
spectroscopy become possible.
The concept of the VECSEL was ﬁrst demonstrated in 1997 [2] by Kuznetsov et al.
The VECSEL architecture combines the desirable properties of two other semicon-
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ductor lasers: the high power of an edge emitting diode with the high beam quality
of a vertical cavity surface emitting laser (VCSEL); achieving multi Watt continuous-
wave(CW)operationwithahighbeamquality. ThelaserdemonstratedbyKuznetsov
incorporated an optically pumped half VCSEL inside of an external cavity. The ex-
ternal cavity enforces a high beam quality characterized by a low M2 TEM00 output
beam. A larger mode area within the half VCSEL can be pumped optically than in
the electrically pumped VCSEL, this enables for high output powers.
1.1 Vertical External Cavity Surface Emitting Lasers
An example of an optically pumped VECSEL cavity can be seen in ﬁgure 1.1 along
with a generic gain structure. The gain structure is grown epitaxially upon a semi-
conductor substrate. There are two possible growth directions; a top up growth re-
quires that the highly reﬂective distributed Bragg reﬂector (DBR) be grown ﬁrst on
top of the substrate. The active region is then grown on top of the DBR followed by
a window layer and ﬁnally a capping layer. A micro cavity is formed between the
air interface and the DBR resulting in a standing wave of the laser ﬁeld within the
gain chip. To ensure optimum gain, the thickness of the spacer layers, within the
gain region, are chosen so that each quantum well is positioned upon a node of the
microcavity standing wave. The window layer thickness is usually chosen so that the
total micro cavity length is either resonant with the laser wavelength (nl/2) or anti
resonant

n + 1
2

l/2

where n is an integer.
The capping layer can simply be a sliver of material to prevent oxidation of the
underlying semiconductor materials, or as more often the case an antireﬂection coat-
ing. In the case of the top down growth the capping layer will be grown upon the
substrate ﬁrst, then followed by the other layers in reverse order so that the DBR is
exposed to the air. Top down growth is performed when it is desired to remove the
substrate of the gain chip post growth, this can be done by chemical etching in which
case the capping layer will also incorporate an etch stop layer. The structural features
and principals of operation of the VECSEL are discussed in more detail in the review
articles by Tropper et al. [3].
The VECSEL enables high output powers with high beam quality, the device is
power scalable and can be pumped by a variety of differnt schemes. The incorpo-
2Introduction
(a)
(b)
Figure 1.1: (a) An examle of a VECSEL cavity and, (b) a generic gain structure.
The cavity is 1 GHz z-cavity including a semiconductor saturable absorber mirror
(SESAM) for passive mode-locking of a VECSEL
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ration of the external cavity not only makes the aformentiond possible, but enables
increased functionality of the device by including aditional components within the
cavity. In what follows each of these VECSEL features will be discussed in turn be-
ginning with the possible pump arrangements, followed by the power scaling and
spectral versatility; ﬁnaly the aplications enabled by the external cavity will be de-
scribed.
There are a wide variety of sources available for pumping VECSELs. In the con-
ﬁguration of [2] the pump light was absorbed inside of the barrier material creating
carriers which migrate into the quantum wells, this conﬁguration is the simplest to
implement, as the absorption is broad bandwidth the pump wavelength does not
need to be stabilised. With barrier pumping there is a difference in energy between
pump and laser wavelength due to the barrier height, this quantum defect results in
heating of the VECSEL and reduces the efﬁciency of the device.
In-well pumping reduces the quantum defect and increases the efﬁciency of the
device, however since absorption is only taking place inside of the quantum well,
the total volume of absorber is greatly decreased. Up to 1.9 W output power has
been reported for an in-well pumped VECSEL [4], which was pumped at 940 nm
and lased at 980 nm; the slope efﬁciency was up to 35 % of the pump power where
70 % pump absorption was achieved. The pump efﬁciency can be increased still
further by designing the DBR to reﬂect the pump light back through the sample,
80 % absorption has been reported with a 56 % slope conversion efﬁciency in a barrier
pumpingscheme[5]. Anumericalstudyoftheeffectofpumpreﬂectionsuponcarrier
generation has also been carried out [6].
In the schemes mentioned so far the pump is always introduced at an angle onto
the front of the chip (intracavity), this geometry can be played with. By removing the
substrate it is possible to pump the VECSEL at normal incidence through the DBR [7],
this will reduce the asymmetry of the pumped region and allows for a more compact
laser cavity. This technique is called end pumping, it requires a modiﬁcation to the
DBR to reduce the absorption of the pump and the incorporation of a heat spreader
such as diamond; which is transparent to the pump light and can be capillary bonded
to either side of the gain chip. This technique enables for pumping with a single edge
emitting diode without the need for any additional optics [8].
Another pump scheme monolithically integrates the pump diode into the VEC-
4Introduction
SEL gain chip [9] achieving a CW output near 1000 nm of 0.65 W. Direct electri-
cal pumping of VECSELs is possible, but requires a more complicated growth pro-
cess and limits the output power; the highest CW power being reported to date is
10 mW [10].
The VECSEL is a power scalable device, meaning that for a particular gain chip
it is possible to increase the output power simply by pumping a larger area of the
gain chip with the same power density. However, if the pump spot is made too large,
then the laser will favour a multimode output over TEM00. The real limit to increased
output power is down to pump induced heating of the gain. As the gain chip gets
hotter processes such as auger recombination increase, this process in turn heats the
sample eventually causing thermal runaway and the gain will be switched off.
There are a number of power scaling techniques available to the VECSEL all of
which aim to reduce the thermal effects within the gain. Most of the heating arises
from residual pump light being absorbed inside of the DBR and the substrate of the
gain chip. As has been mentioned the DBR can be designed to reﬂect the pump light,
greatly reducing pump heating. The second source of heat comes from the quantum
defect of the particular material system; there are two techniques for removing this
residual heat. The ﬁrst is to remove the substrate and bond the DBR side of the
sample onto a heat sink, this technique has been employed to achieve over 30 W
CW [11] with an M2 of 3 and 20 W with an M2 of 1.1 [12]; the second source had a
slope efﬁciency of 49 %.
The second technique is to capillary bond a diamond heat spreader onto the top
of the gain chip (intracavity), for example 10 W has been achieved at 1060 nm [13].
An alternative power scaling technique is to incorporate more gain chips into the
external cavity, this effectively reduces the thermal load upon each chip; up to 19 W
has been demonstrated with two gain chips in the same cavity [14]. This technique
has since been extended by Chilla et al. to over 70 W.
Thehighestpowerresults, includingalltheaformentioned, haveallbeenachieved
close to 1 mm with InGaAs quantum wells. However, it should be noted that solid
state and ﬁbre lasers can perform equally well near 1 mm. For example 468 W has
been obtained CW with an M2 less than 1.5 by a Nd:YAG laser [15]. What the VEC-
SEL architecture does offer over ﬁbre lasers and most solid state lasers is wavelength
versatility.
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VECSELs have been demonstrated at wavelengths ranging from 338 nm [16] up
to 2.36 mm [17]. A peak power of 1.7 W has been achieved at 2.35 mm where pulsed
pumping of the gain chip was used as an aid to thermal managing the chip [18], and
over 2 W at 2.35 mm with in-well pumping [19]. Watt level powers have also been
achieved at fundamental wavelengths of 2 mm [20], 1.24 mm [21] and 675 nm [16].
This is not intended to be an exhaustive list of high power results; for a more detailed
discussion of what is possible see [22].
Another interesting feature of the VECSEL is the ability to include different types
of quantum wells grown at different wavelengths inside of a single gain chip; this
can be used to enhance the gain bandwidth of the gain chip. Alternatively if the
quantum wells are grown at two sufﬁciently different wavelengths, dual wavelength
operation of the VECSEL can be achieved [23], making possible the generation of new
wavelengths via sum frequency generation [6].
Quantum wells are not exclusively used as the VECSEL gain medium. Lasing
near 5 mm has been achieved using bulk lead-chalcogenide as absorber and gain
medium [24]. Lasing has also been achieved using layers of quantum dots as the
gain medium [25], lasing at 1210 nm with an average power of 300 mW.
Most of the results at visible wavelengths have been achieved by frequency dou-
bling of the VECSEL output. Because of the high beam quality and external cavity
frequency, doublingcan be achieved intra cavity yielding highconversion efﬁciencies
and Watt level output. Frequency doubled VECSELs have a variety of applications
such as projection displays [26], confocal microscopy [27] and forensics.
A variety of techniques become possible by incorporating other elements into the
VECSEL cavity. Intracavity absorption spectroscopy is possible [28]. Heat spreaders
[29] and etalons can be used as spectral ﬁlters, producing a narrow line width tunable
source; a tuning range of 150 nm has been achieved from a single chip [1] near 2 mm.
The multichip scheme can also be used to extend the gain bandwidth of the laser;
a two chip VECSEL has been demonstrated with a tuning range of 33 nm [30] at a
wavelength close to 1 mm, where the laser wavelength could be selected by an intra
cavity birefringent ﬁlter.
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1.1.1 Passive Mode-Locking
Mode-locking of a laser has the effect of compressing the intracavity energy in time
and space, forming, in the case of fundamental mode-locking, a single optical pulse.
This pulse will have a temporal duration that is inversely related to the frequency
bandwidth of the pulse; that is to say that the number of optical modes simultane-
ously oscillating within the cavity determines the minimum temporal duration of
the pulse. The laser output will be a train of identical pulses, each separated by the
cavity round trip time. These pulses can be as short as a few femtoseconds at visi-
ble wavelengths with peak powers several orders of magnitude higher than in a CW
laser.
The properties of mode-locked pulses are well known and there are many good
books on the subject [31,32]. The application of ultra short pulses has been wide and
variedincludingspectroscopy, materialprocessing, generatingattosecondpulsesand
in medical techniques such as optical coherence tomography.
The ﬁrst CW pumped, passively mode-locked VECSEL was reported by Hoog-
land et al. in 2000 [33]. They achieved a train of 22 ps pulses at a repetition rate of
4.4 GHz with an average power of 21.6 mW. The gain chip contained 12 In0.2Ga0.8As
strain compensated quantum wells lasing at 1030 nm. A semiconductor saturable ab-
sorber mirror (SESAM) was used to obtain stable mode-locking. This type of mode-
locking is a passive technique, requiring no active control of the mode-locking mech-
anism; it also has the advantage of being self starting unlike other passive techniques
suchasKerrlensmode-locking. Thetechniqueofmode-lockingalaserwithaSESAM
has been reviewed by U. Keller [34,35].
Sub-picosecond pulses have been reported in a number of publications including
290 fs pulses by P. Klopp et al. [36]. This result was achieved near 1036 nm with
a graded index gain structure. A similar result has been achieved with a step index
gain at a wavelength of 1035 nm. A train of 260 fs pulses was generated at a repetition
rate of 1 GHZ by Wilcox et al. [37], the average power was 25 mW and the pulse train
was 1.02 times transform limited. All the sub-picosecond results have been achieved
using SESAMs that exploit the optical Stark effect as a pulse shaping mechanism as
reported in [37].
The highest average power mode-locked results have also been achieved near
1 mm. A 4.7 ps pulse train has been reported [38] at a repetition rate of 4 GHz and
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average power of 2.1 W. At other wavelengths a train of 18.7 ps pulses has been
reported at a centre wavelength of 1.3 mm [39], the average power was 57 mW. A
2GHztrainof20pspulseshasbeengeneratedatacentrewavelengthof1550nmwith
averagepowerof1mW[40]. Intracavityfrequencydoublinghasbeenemployedwith
a mode-locked laser operating at a fundamental wavelength of 978 nm. To produce
a train of 5.8 ps pulses at a centre wavelength of 489 nm with an average power of
6 mW [41].
Since the VECSEL architecture incorporates an external cavity, the repetition rate
of such lasers can be varied by redesigning the cavity. Repetition rates longer than
1 GHz can be achieved and are desirable for certain biological imaging techniques
where the dyes used have fairly long lifetimes. Due to the short carrier lifetime of
the VECSEL the average power will eventually be limited with decreasing repetition
rate. Secondly, atlowerrepetitionratesVECSELshaveapropensitytomultiplepulse.
However, mode-locking at longer repetition rates can be achieved by syncronously
pumping the gain chip with a mode-locked source. For example, an 80 MHz VEC-
SEL has been reported by synchronously pumping with a Ti:sapphire laser [42]. The
pulses from this synchronously mode-locked VECSEL were highly chirped, and re-
quired external compression to reach sub-picosecond duration.
By decreasing the cavity length the repetition rate can be increased. There are
a number of applications for high repetition rate lasers, such as optical sampling,
which will be discussed in a later chapter of this thesis. The highest repetition rate
sub picosecond result obtained to date is at 10 GHz [43]; a train of sub 500 fs pulses
was obtained at a centre wavelength of 1034 nm with an average power of 30.3 mW.
The highest repetition rate achieved to date has been 50 GHz with pulse duration
of 3.1 ps [44]. This laser required a modiﬁed SESAM incorporating semiconductor
quantum dots which have lower saturation ﬂuence than quantum wells. The repe-
tition rate was limited by the geometry of the z-cavity required for mode-locking. It
could potentially be increased by using a linear cavity, which would require an out-
put coupling SESAM [45] and intracavity focusing; this second requirement could be
achieved by incorporating a micro lens into the gain chip as is done with micro cavity
VECSELs operating CW [46]. Finally, the integration of both SESAM and gain into
a single chip has been achieved [47], the device known as a mode-locked integrated
external-cavity surface emitting laser (MIXSEL) generated a train of 35 ps pulses with
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an average power of 40 mW at a repetition rate of 2.8 GHz.
1.2 VECSEL Seeded Ytterbium Doped Fibre Ampliﬁers
Ytterbium (Yb) doped lasers and ampliﬁers exhibit a broad gain bandwidth between
approximately 975 and 1200 nm. In CW operation they can provide output pow-
ers of several kilowatts. The conversion efﬁciency of ampliﬁcation can be very high,
aproaching 80 %. When used as an ampliﬁer, the nonlinear properties of the ﬁbre
can be exploited to alter the seed pulse both spectrally and temporally for example,
ﬁbre ampliﬁers have been used to compress cubically chirped pulses in time by com-
pensating for both second and third order dispersion simultaneously in a technique
known as cubicon ampliﬁcation [48].
The shortest, sub-picosecond, pulses generated by VECSELs have been achieved
at wavelengths, near 1mm using GaAs based gain material. These pulses have all
had low average powers of less than 100 mW. The techniques for achieving multi-
watt output powers with a VECSEL generally require post growth processing of the
gain chip. Power scaling techniques also tend to reduce the gain bandwidth of the
VECSEL, preventing sub-picosecond operation. The gain bandwidth of Ytterbium
doped ﬁbre coincides with that of the GaAs based VECSELs making it possible to
amplify VECSEL pulses, at wavelengths near 1mm, in Ytterbium doped ﬁbre ampli-
ﬁers. Ampliﬁcation of passively mode-locked VECSELs to multiwatt levels has been
demonstrated by Dupriez et al. [49]. The combination of the two technologies has al-
lowed for the scaling of the VECSEL average power to tens of Watts without the need
for post growth processing of the semiconductor. A diagram of the master oscillator
power ampliﬁer (MOPA) used by Dupriez et al. can be seen in ﬁgure 1.2.
Two VECSEL MOPAs were demonstrated by Dupriez et al. both consisting of two
stages. Firstthepulsetrainfromapassivelymode-lockedVECSELwasampliﬁedina
preampliﬁer to a couple of Watts, suitable to saturate the second stage of the MOPA.
The second stage of the MOPAs were designed to amplify the pulse in one of two
regimes. The ﬁrst MOPA achieved over 200 W average power in an ampliﬁcation
regime dominated by self phase modulation (SPM), the resulting pulses were 4.6 ps
in duration but exhibited a nonlinear chirp limiting the efﬁciency of pulse compres-
sion. The second ampliﬁer was designed to achieve parabolic pulse ampliﬁcation
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Figure 1.2: Conﬁguration of the two stage VECSEL MOPA used in [49]: (PM) YDF
(polarisation maintaing) ytterbium doped ﬁbre, LD laser diode, l/2 half wave plate,
ps picosecond pulse pre compression, fs femtosecond pulse obtained after compres-
sion in a grating compressor.
and produced a linearly chirped pulse train with an average power of 53 W limited
by the bandwidth of the ﬁbre; these pulses were compressible down to 110 fs.
In conclusion, the VECSEL MOPA provides an alternative route to multiwatt
operation of a VECSEL, with average powers exceeding those obtained by power
scaling of CW-VECSELs. However, both the VECSEL MOPA and high power VEC-
SELs[12,38]arecomplicatedsystemsincomparisonwiththelowpowerfemtosecond
VECSELs [33] which require no post growth processing. It will be shown later in this
thesis that simpler, single stage ampliﬁers can be constructed with average powers
exceeding 1.5 W.
1.2.1 Results Presented in this Thesis
The work reported in this thesis was motivated by a European funded collabora-
tion called TeraSec, the aim of which was to develop sources of THz radiation for
applications relating to homeland security. As part of this work the group here at
Southampton has developed an all-semiconductor room-temperature terahertz time
domain spectrometer [50]. In this work a pair of semiconductor antennas was used to
generate and coherently detect THz radiation when illuminated by a 500 fs VECSEL
pulse train with average power of a few milliwatts. To drive an array of antennas, as
desirable for the TeraSec project, Watt level powers were needed with identical pulse
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characteristics to the VECSEL used in [50]. To achieve this it was decided to employ
Ytterbium-doped ﬁbre to amplify the VECSEL pulse train.
TheworkinthisthesisbeganwithdemonstratingampliﬁcationofVECSELpulses
to average powers exceeding 1.5 W using a single stage ampliﬁer. This technique al-
lows for preservation of the VECSEL pulse length and spectral characteristics. This
resultisanextensiontotheworkpreviouslyreporteduponaVECSEL-MOPAdemon-
strated by Pascal et al. Using single stage ampliﬁers allows for Watt level sources
which are compact and robust, with the desirable characteristics of the shortest pulse
VECSELs, without any need for post growth processing of the gain chip.
With average powers exceeding 1.5 W, the pulses from a VECSEL can experience
sizeable nonlinear effects while propagating along a length of ﬁbre. This fact can be
exploited to spectrally broaden the pulse train. In chapter 6 the criteria for reaching
the parabolic regime with a VECSEL seed are discussed. The design of a single stage
ampliﬁer is described along with modeling results to show the spectral and temporal
proﬁles of the pulse train after propagating along the ﬁbre. This ampliﬁer was not
realized experimentally, as the performance of the available VECSEL made it difﬁcult
to achieve any sizeable gain within the ampliﬁer, at the wavelength of the VECSEL.
It was observed that the VECSELs used in this work tend to have a minimum
pulse duration of around 500 fs that is not limited by the available bandwidth. Any
particular 500 fs pulse train varies between transform limited and as much as two
times transform limited, suggesting in some cases stable mode-locking with a size-
able intracavity dispersion. To asses the nature of this effect the phase structure of
the chirped pulses has been measured for the ﬁrst time to our knowledge using the
technique of frequency resolved optical gating, results of these measurements are
presented in section 3.
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17Chapter 2
Theory of Passively Mode-Locked
VECSELs
The work presented in this thesis concerns the phase characterisation of a VECSEL
pulse train and the ampliﬁcation of such pulse trains in Yb-doped ﬁbre. To inter-
pret the results of these experiments, it is important to understand how the pulse
train is formed within a VECSEL. The gain chips used in this work all came from the
same semiconductor wafer, grown by metal-organic vapour-phase epitaxy (MOVPE)
by Dr. John Roberts at the EPSRC III-V semiconductor growth facility in Shefﬁeld;
the SESAMs were all from a second wafer, again grown at Shefﬁeld. A typical ar-
rangement of a VECSEL is shown in ﬁgure 2.1 including the gain chip (QT1544) and
SESAM (QT1627) structures used throughout this thesis.
The passively mode-locked VECSEL consists of three elements: an external cavity
including pump source, a gain chip and a SESAM. A single design of z-cavity was
used to produce pulse trains near 1 GHz. The gain chip grown on a GaAs substrate
contained a distributed Bragg reﬂector (DBR) formed by 27.5 pairs of AlAs/GaAs
layers. On top of this, a gain region is formed containing 6 quantum wells designed
to emit at 1010 nm, at room temperature under low excitation. The whole structure
including DBR was designed for a wavelength of l0= 1030 nm. The window layer
of the structure was chosen to have an optical thickness of dwl = l0/4 including an
8 nm capping layer. The active region was designed to have an optical thickness of
dar = 7l0/2. Thus the sliver of material grown on top of the DBR has a total thickness
D = dwl + dar = 15l0/4, which forms a micro cavity that is anti resonant at 1030 nm,
at room temperature under low excitation.
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Figure 2.1: Set up of a 1 GHz passively mode-locked VECSEL. An 830 nm ﬁbre-
coupled diode, delivering up to 1.3 W is used for pumping the gain chip. A pair
of lenses (not shown) are used to form a 2:1 image of the output from the ﬁbre, giv-
ing a 60 mm radius spot upon the gain chip. The properties of the external cavity will
be discussed later in section 2.2.1. The inset layer structures are for the gain (QT1544)
and the SESAM (QT1627) used in this thesis.
The SESAM was designed to exploit the optical Stark effect [1]. It contained
a 27.5 pair DBR with design wavelength of 1040 nm. A single quantum well de-
signed at 1025 nm was grown 2 nm below the surface, allowing for fast recombina-
tion (< 2 ps) of excited carriers by tunnelling between surface states. This quantum
well was separated from the DBR by a 0.68l0/4 spacer layer of GaAs.
It is the purpose of this chapter to describe the design of the three VECSEL ele-
ments used in passive mode-locking; the chapter is divided into the following sec-
tions. Firstly, in section 2.1 optical properties of the semiconductor materials used in
both the gain chip and the SESAM will be described. Also, in section 2.1 the struc-
tural properties of the active mirror including the effect of the DBR, micro cavity and
quantum conﬁnement within the quantum wells will be described. In section 2.2
the technique of passive mode-locking with a SESAM will be introduced along with
the design of the external cavity to facilitate stable mode-locking. Finally, in section
2.3 characterisation data will be presented to illustrate the operating regime of the
VECSELs used in this work.
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2.1 The VECSEL Gain Chip
2.1.1 Semiconductor Materials
Most semiconductor lasers exploit the optical properties of III-V semiconductors to
achieve lasing. By changing the composition of the material being used, or altering
thedimensionalityofthestructure, thesemiconductorbandgapcanbealteredgiving
access to different wavelength regimes. The possible combinations of semiconductor
materials for VECSELs is, however, limited by the need to lattice match the material
systems to each other and in particular to the semiconductor substrate upon which
the gain chip will be grown. A plot of bandgap energy against lattice constant is
shown in ﬁgure 2.2 for several III-V semiconductor alloys.
Figure 2.2: Bandgap energy and lattice constant for several III-V semiconductor ma-
terials at room temperature, taken from [2].
The VECSEL used in this work contains a GaAs/AlAs DBR grown on top of a
GaAs substrate and employs 6 GaAsP0.06/In0.23Ga0.77As/GaAsP0.06 quantum wells
as a gain medium. From ﬁgure 2.2 it can be seen that GaAs is very closely lattice
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matched to AlAs. However, by incorporating Iny atoms into the GaxAs lattice to
form the quantum wells the lattice constant of the material is increased. This increase
in lattice constant introduces strain between the quantum well and the barrier mate-
rial, which has a smaller lattice constant. The effect of strain can be beneﬁcial; it will
shift the bandgap energy while increasing the peak and differential gain. However,
too much strain will reduce the lifetime of the structure or even prevent a successful
growth. In some cases it is possible to compensate for strain by incorporating an-
other element into the material between the quantum wells and the barriers; this has
been done with the gain chip used in this thesis by introducing strain compensating
GaAsP0.06 layers around each quantum well.
The gain chip used in this thesis was designed to be optically pumped, with light
being absorbed within the GaAs barrier/spacer layers surrounding each quantum
well. The absorbed light creates free carriers within the semiconductor which be-
come trapped within the thin quantum wells of the gain region; if enough carriers
are trapped a population inversion is achieved and lasing will become possible. To
understand how these processes come about an understanding of the band structure
of a semiconductor is required. By solving Schr¨ odinger’s equation for a particle in a
box with a periodic potential it is found that the electrons within a semiconductor can
have only speciﬁc values of kinetic energy. In the case of a bulk semiconductor, by as-
suming that the energy bands are parabolic, these energy levels can be approximated
by the relationships [3]
E2(k) = Ec +
¯ h2k2
2
2mc
, E1(k) = Ev +
¯ h2k2
1
2mv
(2.1)
Where mc/v is the effective mass of an electron/hole in the conduction/valence band.
Bands of allowed energy states exist within the semiconductor, with the state of
an electron being determined by the momentum and spin of each electron. In ﬁg-
ure 2.3 a) the band structure of bulk GaAs is plotted; the shaded region indicates
the extent of the semiconductor bandgap in GaAs. The accompanying plot (b) is a
parabolic aproximation to this bandstructure, in which four characteristic time scales
for the optical excitation of an electron into the conduction band are indicated. Since
the minimum energy of the conduction band coincides in k-space with the maximum
energy of the valence band, GaAs is termed a direct gap semiconductor; this will re-
sult in faster carrier recombination times than with indirect semiconductors.
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Optical transitions between bands are allowed provided that the transition con-
serves both momentum and energy; thus it is necessary that incident photons have
energy greater than the band gap of the semiconductor in order to promote an elec-
tron from the valence band to the conduction band. An electron excited into the
conduction band will leave a positively charged hole in the valence band; these elec-
trons will undergo a number of relaxation processes (indicated in ﬁgure 2.3 b) by the
Roman numerals I-IV) before ﬁnally recombining with a hole in the valence band.
(a) (b)
Figure 2.3: a) Band structure of bulk GaAs, taken from [2]; b) parabolic band structure
showing four time regimes for the decay of excited electrons from the conduction
band into the valence band, taken from [4]
The coherence of the electrons excited to the conduction band will disappear over
a time scale of less than 100 fs due to scattering events, indicated in ﬁgure 2.3 b) by the
Roman numeral (I). The initial electron population created by photon absorption will
have a non thermal distribution. Over time (II) energy is redistributed amongst this
population mostly by electron-electron scattering; after approximately 100 fs a quasi-
thermal equilibrium state is reached. In general, the thermalised electron population
will have a characteristic temperature greater than the lattice temperature and will
occupy states higher up in the conduction band. The excited electrons will eventualy
drop down to the bottom of the conduction band via phonon scattering (III), this pro-
cess may take tens of picoseconds and results in lattice heating. The ﬁnal relaxation
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process (IV) takes the longest time. Electrons recombine with holes in the valence
band by photon emission on a nanosecond time scale.
At higher energy densities Auger processes become important, energy maybe
transfered between two electrons within the conduction band, enabling for the non-
radiative recombination of one electron by transfering energy to a second electron
within the conduction band. Electrons excited, via Auger recombination, to higher
states within the conduction band will eventualy loose energy through phonon scat-
tering; Auger processes reduce the optical efﬁciency of semiconductor lasers result-
ing in heating of the semiconductor lattice.
In thermal equilibrium, the probabliity that an electron will occupy a level with
energy E is given by the Fermi-Dirac distribution
f(E) =
1
1+ e(E EF)/kBT, (2.2)
where EF is the Fermi level and kB the Boltzmann constant. The total carrier density
can be determined by the Fermi level and the density of states [5] and is given by the
following equation:
Na =
Z ¥
0
ra(Ea)fa(Ea)dEa. (2.3)
Where ra(Ea) is the energy density of states and fa(Ea) is the Fermi-Dirac distribu-
tion of the carriers (the subscript a is to indicate that the distribution could be of holes
or electrons).
2.1.2 Distributed Bragg Reﬂector
The VECSEL architecture incorporates a distributed Bragg reﬂector (DBR) into the
gain chip, which acts to reﬂect laser light at the design wavelength and attenuates
any residual pump light. Such a DBR will contain layers of semiconductor with al-
ternatinghighandlowrefractiveindex, eachlayergrowntohaveanopticalthickness
equal to one quarter of the design wavelength. In ﬁgure 2.4 the principal of a DBR is
illustrated. It is possible to calculate the reﬂectivity of structures such as the DBR by
means of a multilayer calculation implemented in previous work by this group [2,6].
The technique imposes boundary conditions at every material interface within a mul-
tilayer structure and is capable of calculating the E-ﬁeld as a function of wavelength
at any location within the sample. The calculated reﬂectivity of the gain structure
used in this thesis is shown in ﬁgure 2.5.
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Figure 2.4: Distributed Bragg reﬂector structure enables constructive interference of
the partial reﬂections from each quarter l layer resulting in > 99 % reﬂectivity. Here
l is the wavelength of light within the material.
Figure 2.5: Calculated reﬂectivity for the gain sample QT1627 used in this thesis (ex-
cluding absorption effects).
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Light incident upon the front surface of a DBR will see an alternating sequence
of high and low index material, and at each boundary between high and low index
this light will be partially reﬂected. When passing through the material, light will
experience a phase change of p
2 between successive quarter-wave layers: in addition
light undergoes a phase change of p when reﬂected from a high index layer into
a low index layer, and zero phase change when reﬂected into a high index material.
Because each layer is a quarter wavelength thick, the partial reﬂections from different
depths inside of the DBR will interfere constructively resulting in > 99 % reﬂectivity
for the material system as illustrated in ﬁgure 2.4.
The gain chip used in this thesis was grown with the DBR on top of the GaAs
substrate; this is called a top up growth as has been illustrated in ﬁgure 1.1. The DBR
contained 27.5 pairs of GaAs/AlAs layers with a design wavelength of 1030 nm.
The theoretical reﬂectivity of this structure can be seen in ﬁgure 2.5. The DBR has
an approximately 80-nm-broad stop band centred at 1030 nm, over which it has a
> 99 % reﬂectivity. The width of this stop band is determined by the refractive index
contrast between the layers in the DBR, while the overall reﬂectivity increases with
increasing number of pairs of layers.
2.1.3 Quantum Well Gain Medium
The number of excited electrons required to reach transparency depends critically
upon the density of states. The density of states can be altered by reducing one, or
more, ofthesemiconductordimensionstolessthantheFermiwavelength; thislength
is typically of order 10 nm.
In table 2.1 the density of states of the four obtainable semiconductor dimension-
alities is shown, for the: quantum dot (0D), quantum well (1D) wire and the bulk
(3D) material. References provide examples of the use of such dimensionalities in
a VECSEL architecture. As of yet a 2D conﬁned structures has not been used with
the VECSEL format, however the incorporation of carbon nanotubes into a mirror
to form a SESAM [7] may prove useful to mode-locking a VECSEL due to the faster
recovery time of the absorber.
An energy diagram of a strain-compensated quantum well is depicted in ﬁg-
ure 2.6. Note that the axis are not to scale. The zero-point energy of an electron
within the conduction band and a hole in the valence band of the quantum well will
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Dimesionality Density of States Reference
3 D D(E)dE = 1
2p2

2m
¯ h2
3
2 p
EdE [8]
2 D D(E)dE = m
p¯ h2dE [9]
1 D D(E)dE = 1
p

m
¯ h2
1
2 1 p
EdE
0 D D(E)dE = 2dEdE [10]
Table 2.1: Density of semiconductor states per unit volume for four different dimen-
sionalities of semiconductor: quantum dot (0D), quantum wire (1D), quantum well
(2D) and bulk.
be greater than that expected from the same bulk material alone. This energy can
be found by solving Schr¨ odinger’s equation for a particle in a one dimensional box,
where the potential barrier is equal to the difference in band edge energy between the
strain compensating layers and the quantum well material. The absorption edge of
the quantum well is given by the energy difference between the N = 1 state within the
conduction band and the N = 1 state within the valence band and can be engineered
by changing the concentration of indium within the quantum well or by altering the
width of the quantum well.
The density of states for a quantum well has a step-like dependence upon energy
due to the conﬁnement along the z-direction as depicted in ﬁgure 2.6 b). Electrons
which are optically excited into the conduction band of the barrier material will drop
into the quantum well provided that the energy of the electron is greater than the
54 meV barrier of the strain compensating layer (approximately twice room temper-
ature). The radiative transition rate, the probability of a transition per second per
unit volume of the active material, from the N = 1 quantum well conduction band to
the N = 1 valence band is given by equation 2.4 [11]:
Rt =
1
2
e2
0l
ee0M2
en2Np jMTj
2 r
QW
J (¯ hw), (2.4)
where Np is the number of photons per unit volume, r
QW
j is the density of states, Me
is the effective mass of the electron and jMTj
2 is the transition matrix element.
The stimulated emission rate is given by the product of the transition probability
with the probability of an electron being in the conduction band, with a particu-
lar k-vector and the corresponding valence band state being empty, and is given by
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equation 2.5. Conversely the stimulated absorption rate is given by equation 2.6:
Rse = Rt fc (1  fn), (2.5)
and
Rsa = Rt fn (1  fc); (2.6)
where fc/v aretheFermidistributionsofthecondution/valencebandsgivenbyequa-
tion 2.2.
Each quantum well within the gain sample will contribute gain when the stimu-
lated emission rate of the well exceeds the stimulated absorption rate. The material
gain per unit length, deﬁned as the net growth of the photon density as it propagates
through a quantum well in the z direction is given by:
g =
1
2
e2
0l
c2e0m2
en
jMTj
2 r
QW
J (¯ hw)(fc   fn) (2.7)
where n is the refractive index of the quantum well. The total gain of each quantum
well within the VECSEL is given by the electric ﬁeld intensity upon each well and
the material gain g. The magnitude of the electric ﬁeld E(l,x) and thus the quantum
well gain, depends both upon the location within the VECSEL microcavity (x) and
the thickness of the microcavity. The structural dependence of gain from a VECSEL
chip will be discussed in section 2.1.4. The relationship for the material gain given
in equation 2.7 has a sharp cut-off toward the long wavelength side of the spectrum.
There are a number of effects that have not been included in equation 2.7 which alter
the spectrum leading to a broader cut-off. One such effect that is intra-band scatter-
ing, which should be included as a Lorenzian linewidth function. Equation 2.7 also
does not include Coulomb effects and bandgap renormalisation, which will slightly
alter the gain spectrum [12]. Equation 2.7 gives an estimate of the maximum gain
per quantum well of 0.6 %, and a carrier density at transparency of 0.88  1018 cm 3;
while the total loss of the VECSEL cavity used in this work is around 2 %.
Electrons excited to the conduction band can recombine with holes in the valence
band by radiative and non-radiative processes. The lifetime of the excited state wi-
thin the conduction band is given by the following empirical relationship [11]:
N
tlevel
= AdN +
BN
LQW
+ CA

N
LQW
2
, (2.8)
where LQW is the width of the quantum well and N is the number of excited carriers.
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The density of defect sites within the quantum well is represented by the constant Ad;
this number can be very low, around 1015cm 3 under optimum growth conditions.
However, as the growth temperature is lowerd below the optimum temperature, Ad
will increase. B is the radiative recombination coefﬁcient. CA is the Auger coef-
ﬁcient representing the dominant source of non-radiative loss within the quantum
well. The rate of Auger recombination has dependence upon N2, it also increases
with increasing temperature. The radiative recombination rate, given by the second
term in equation 2.8 has a linear dependence upon carrier density. It is thus impor-
tant to keep the carrier density low; since the Auger recombination rate will increase
faster with increasing N than the radiative recombination rate affecting the efﬁciency
of the device. The quantum efﬁciency of spontaneous emission from the quantum
well can be expressed as the ratio of the radiative recombination lifetime to the total
lifetime of recombination:
hi =
tlevel
LQW/BN
=
tlevel
trad
. (2.9)
The quantum efﬁciency near transparency can be high, typically around 80 %. This
ﬁgure will decrease with increasing carrier density and temperature, largely due to
Auger recombination.
(a) (b)
Figure 2.6: a) Diagram of a strain compensated quantum well showing material
bandgap energy and the quantum well emission. b) The density of states for a
quantum well, blue(step) and for bulk (red curve). SC = strain compensation layer,
CB = conduction band, VB = valence band, and Egm (EQW) is the bandgap of the bulk
(quantum well) material.
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2.1.4 Microcavity Effects
The gain, emission wavelength and quantum efﬁciency depend upon the number of
carriers inside each quantum well, and hence upon the number of carriers created by
pump absorption within the barrier regions. In ﬁgure 2.7 the location of the quantum
wells within the gain sample (QT1544) used in this thesis is shown, along with the
percentage of absorbed pump at the location of each quantum well calculated from a
Beers law absorption model. The quantum wells have been arranged to give a similar
number of carriers per quantum well within the gain sample, ensuring maximum
gain at the design wavelength.
Figure 2.7: Top: active region of QT1544 showing the position of the six quantum
wells along with the intensity distribution at the design wavelength. Bottom: Per-
centage of absorbed pump light available to create carriers at each quantum well.
Taken from [2].
The gain at a particular wavelength has dependence upon the optical ﬁeld at that
wavelength local to each quantum well, as mentioned in section 2.1.3; for maximum
gain the quantum wells need to be positioned at the anti nodes of the standing wave
formed within the gain region of the chip. The VECSEL gain region forms an etalon
between the top of the DBR and the surface of the chip; the thickness of the etalon
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will greatly affect the size of the E-ﬁeld within the gain region relative to the incident
E-ﬁeld. The total gain of the VECSEL is thus structure-dependent and is given by
the material gain of the quantum wells multiplied by the microcavity enhancement
factor, Gain = gGz [4], where
Gz =
åq
 E
 
zq
 2
jE0j
2 . (2.10)
The sum is over all quantum wells inside the gain region,
 E
 
zq
 2 is the E-ﬁeld upon
the qth quantum well and E0 is the E-ﬁeld at the surface of the gain chip (in air).
By varying the thickness of the window layer, the gain chip can be grown with an
etalon that is somewhere between resonant (nl/2) and anti resonant at the design
wavelength

n + 1
2

l/2

. The E-ﬁeld within the gain sample can be calculated
using the same multilayer technique used to calculate the reﬂectivity of the DBR,
results of this calculation are shown in ﬁgures 2.8 and 2.9. To achieve maximum gain,
the sample should be resonant with the laser wavelength; in this case the E-ﬁeld
inside of the gain region will have the same magnitude as that incident upon the
surface of the chip. However, as can be seen in ﬁgure 2.8, a resonant gain region will
have a strong ﬁltering effect upon the bandwidth of the laser, with gain decreasing
sharply as the wavelength shifts away from the design wavelength l0.
In ﬁgure 2.9 the E-ﬁeld has been calculated for an anti resonant gain region. It can
be seen that the square modulus of the E-ﬁeld within the gain region is reduced to
nearly half of that incident upon the chip, however the variation of E-ﬁeld with wa-
velength near the design wavelength is now much ﬂatter than in the resonant gain
region see ﬁgure 2.9 b; this will result in a much broader gain spectrum. Since the du-
ration of a passively mode-locked pulse has an inverse dependence upon bandwidth
it is important to design the gain chip to give gain over a broad spectral range. To
achieve a broad gain spectrum the VECSEL chip used in this work was designed to
be anti resonant at 1030 nm. The gain region was also kept short, incorporating only
6 quantum wells, since a short micro cavity has a broader free spectral range.
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(a)
(b)
Figure 2.8: (a) Calculated intensity distribution jEj
2 at the resonant design wavelen-
gth l, within a resonant gain structure with overall thickness 9l/2, assuming an
incoming wave amplitude of 1. (b) Reﬂectivity (top) and longitudinal conﬁnement
factor (bottom) as a function of wavelength for the resonant cavity. Taken from [6].
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(a)
(b)
Figure 2.9: (a) Calculated intensity distribution jEj
2 at the anti-resonant design wa-
velength l, within an anti-resonant gain structure with overall thickness 19l/4, as-
suming an incoming wave amplitude of 1. (b) Reﬂectivity (top) and longitudinal
conﬁnementfactor(bottom)asafunctionofwavelengthfortheresonantcavity.Taken
from [6].
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2.2 Passive Mode-Locking
By inserting a loss modulator, such as an electro-optic cell into the cavity, it is possible
to create a periodic loss inside of the cavity with period equal to the round trip time
of the laser. This active mode-locking technique will have the effect of locking the
axial modes of the laser in phase creating an ultra short pulse. Active mode-locking
requires complicated electronics to modulate the loss at precisely the repetition rate
of the cavity, and has the disadvantage that the rate dloss/dt tends to be too small to
shape the pulse as effectively as other, passive techniques.
Passive mode-locking is an alternative technique that negates the need for elec-
tronics. A passive element such as a Kerr medium will introduce an intensity depen-
dent saturable loss into the cavity. An example of a passively mode-locked laser is
the Kerr lens mode-locked Ti:sapphire laser. Here a Kerr lens is created within the
gain crystal of the laser due to the nonlinear dependence of the crystal refractive in-
dex. When an intense electric ﬁeld is present within the crystal, such as in the case
of an ultra short pulse, the Kerr lens will optimise the overlap of cavity mode with
the pumped area of the crystal, increasing the gain of the laser over the case where a
weaker CW ﬁeld is incident within the crystal.
Creation of an ultra-short pulse within a passively mode-locked laser can be thou-
ght of in the following way. Initially the laser will be oscillating CW with a ﬁxed loss
in the cavity. The laser oscillates on more than one axial mode at once, so there will
appear random intensity spikes inside of the cavity caused by the relative phase of
the axial modes. Passive mode-locking introduces an element into the cavity with
a saturable loss, so that a random intensity spike will have sufﬁcient peak intensity
to slightly reduce the loss of the cavity; thus any mode that is in phase with the
spike will see more gain than the out of phase CW background. Over many cavity
roundtrips all the intracavity power will be localised within modes that have a deﬁ-
nite phase relation, resulting in an ultra short pulse. At this stage the pulse may still
be evolving with its spectral and temporal proﬁle being perturbed by the effects of
loss, gain and dispersion from each element within the cavity. Theoretical models de-
scribing the steady state of a laser passively mode-locked with a saturable absorber
have been developed by Haus [13].
When designing a SESAM for passive mode-locking there are four important pa-
rameters to consider. These are: the modulation depth of the SESAM, the saturation
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ﬂuence, the nonsaturable loss and the relaxation time of the device; for a review of
SESAM designs and structures see [14]. A SESAM is not perfectly reﬂective, and
will introduce two sources of loss into a laser cavity. The ﬁrst, non saturable loss
is caused by defects within the material, resulting in reﬂectivity Rns < 100 %. The
second source of loss is engineered by incorporating an absorbing material into the
SESAM. In the presence of low ﬂuence light, the absorber results in a SESAM reﬂec-
tivity Rlin < Rns. As the ﬂuence of incident light is increased, the reﬂectivity of the
SESAM will increase as the absorbing medium becomes saturated. The modulation
depth DR of the SESAM is deﬁned as the % change in reﬂectivity, caused by the sat-
uration of the absorber; the maximum value of dR is given by Rns   Rlin(unsaturated
absorber) The saturation ﬂuence Fsat,a of the SESAM is deﬁned as [14]:
Fsat,a = hn/sA, (2.11)
where hn is the photon energy and sA is the absorption cross section.
Mode-locking may take place in either a slow regime, where the recovery time
of the absorber is long compared to the pulse length or in a fast regime, where the
absorber recovers on a time comparable to or shorter than the pulse propagating
within the laser. In addition to this, there may be a pulse shaping effect from the
saturation of the gain. These different regimes of mode-locking are illustrated in
ﬁgure 2.10.
To obtain short pulses with a SESAM mode-locked laser it is important that the
SESAM absorption totally recovers in-between successive roundtrips of the pulse;
clearly the shorter the recovery time, then the stronger the pulse shaping from the
SESAM will be. The typical interband carrier recovery time of a quantum well struc-
ture is around 1 ns. By growing the absorber at a low temperature, defect sites can be
introduced into the absorber [15] and the carrier recombination time will be reduced;
alternatively defect sites can be created post growth by ion irradiation [16]. How-
ever, the nonsaturable loss of the device will rise with increasing number of defect
sites making this approach unsuitable for VECSELs, where a low loss of less than 1 %
is required.
The SESAM used in this thesis contains a single quantum well grown 2 nm be-
low the surface. This enables tunnelling between surface states allowing for a fast
recovery time of less than 21 ps, measured using a streak camera [17]. Since the de-
fects are all located at the surface of the device, the structure can be grown under
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Figure 2.10: Three regimes of passive modelocking: (a) fast saturable absorber opens
a short window of net gain, (b) slow saturable absorber opens a long window of net
gain, (c) slow saturable absorber combined with dynamic gain saturation opens a
short time window of net gain. Taken from [4]
optimal conditions minimising the number of defects and thus the nonsaturable loss;
this SESAM will produce pulses with a few picosecond duration, shaped by the slow
absorber and gain saturation (pulse regime (c) in ﬁgure 2.10).
The modulation depth of a quantum well SESAM depends upon the absorption
of quantum wells as does the saturation ﬂuence of the device. The structure of the
SESAM is used to control the optical ﬁeld local to any absorber within the SESAM,
enabling for control of the modulation depth of the device. The electric ﬁeld local to
any absorber within the SESAM can be modelled in the same way as has been done
withthegainchipusedinthisthesis[2,6]. Itisalsopossibletocalculatethedispersive
effect of the multilayer structures; this will be used in a discussion of the measured
phase structure of VECSEL pulses, presented in chapter 3. The calculated E-ﬁeld
upon the quantum well of the SESAM used in this work can be seen in ﬁgure 2.11,
the effect of linear dispersion is also shown by plotting the group delay dispersion of
the device (GDD):
GDD =
d2f(w)
dw2 . (2.12)
where f(w) is the spectral phase of the pulse and w is the angular frequency of the
pulse.
From ﬁgure 2.11 it is estimated that the modulation depth of the SESAM is around
0.3 % and the saturation ﬂuence is 100 mJ/cm2.
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Figure 2.11: Calculated group delay dispersion (measured in fs(2)) and electric ﬁeld
strength upon the quantum well (bottom) for the SESAM used in this thesis. The
shaded regions are to indicate the wavelength range over which the VECSEL oper-
ates.
For stable mode-locking of a VECSEL the inequality given by equation 2.13 must
besatisﬁedmeaningthatforanetwindowofgaintoexisttheSESAMshouldsaturate
before the gain [18]:
Esat,a
Esat,g
=
Fsat,aAa
Fsat,gAg
<< 1. (2.13)
Here, the saturation energy Esat,a/g is given by the saturation ﬂuence of the absorber/
gain, multiplied by the cavity mode area Aa/g upon the surface of the SESAM/gain
chip. Since the absorbing element in both the gain chip and the SESAM is quantum
well based it follows that both elements have similar saturation ﬂuences Fsat,a  Fsat,g.
In order to satisfy the inequality 2.13 it is necessary to design the cavity mode to have
a larger area Ag at the surface of the gain chip, than at the surface of the SESAM
Aa. Mode-locking is usually achieved with an area ratio Ag/Aa of between 10 and
30. The VECSELs used in this thesis are capable of producing trains of picosecond
pulses centred near 1035 nm. However, when sufﬁcient ﬂuence is reached upon the
SESAM it is found that the laser will shift to longer wavelengths near 1040 nm, and
the pulse duration will drop to around 500 fs. It has been sugested that above a
certain ﬂuence the optical Stark effect acts as an aditional pulse shaping mechanism
resulting in the observed sub-picosecond pulses [19].
The optical, or ac Stark effect is usualy asociated with atomic systems where an
optical ﬁeld induces a shift in the resonance frequency of the atoms. The strength
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of the ac Stark effect depends both upon the detuning of the optical ﬁeld from the
atomic resonance and upon the intensity of the optical ﬁeld. In semiconductor quan-
tum wells, the ac Stark effect has been observed to cause a blue shift in the absorption
frequency of excitons [20]. The ac Stark effect will cause an aditional loss modulation
within the VECSEL, provided that the lasers wavelength is on the low energy side
of the exciton peak in the SESAMs absorption spectrum. The optical Stark effect re-
sponds on a time scale much faster than the duration of the pulses within a VECSEL.
This effectively instantaneous response allows for fast SESAM mode-locking and has
produced pulses as short as 260 fs [1]. With this design of SESAM, the E-ﬁled at
the surface of the device increases with increasing modulation, eventualy leading to
damage of the device. A modulation depth of 0.6 % was required to produce the
260 fs pulses.
Since the demonstration of the optical Stark mode-locking mechanism in the sur-
face embedded quantum well [17] it has become possible to create SESAMs with
burried quantum wells that have quite fast recovery times [21]; while maintaing a
low non-saturable loss. These techniques allow for an increased modulation depth
which helps to improve the mode-locking in VECSEls, while keeping the E-ﬁeld at
the surface as low as possible. In [21] fast recovery times were obtained in two differ-
ent ways, ﬁrstly by introducing a strained layer of material between the DBR and the
quantum well region; the lattice mismatch gave a recovery time of 4.5 ps. Alterna-
tively intraband scattering into deep quantum wells placed near the shalow quantum
wells (absorbing at the laser wavelength) was used to achieve a recovery time of 24
ps. It should also be possible to demonstrate optical Stark mode-locking of a VECSEL
with such SESAMs.
2.2.1 Designing the External Cavity
To ensure stable mode-locking the external cavity is designed to satisfy the inequality
given in equation 2.13. In addition to this condition, the cavity mode upon the gain
chip should be approximately the same area as spot size of the pump source. The
standard cavity used in this work is a 1 GHz repetition rate z-cavity, as illustrated
in ﬁgure 2.1. A 0.7 % output coupler with radius of curvature equal to 50 mm is
positioned 48 mm from the gain chip, which acts as a turning mirror. A 25 mm radius
of curvature high-reﬂector is positiond 82 mm away from the gain chip and focuses
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the cavity mode onto the SESAM which acts as an end mirror. The cavity has two
waists: one is located near to the gain chip and the other is upon the SESAM.
In ﬁgure 2.12 the two cavity waists of the standard z-cavity have been plotted as a
function of the variable length D, which is simply the separation of the SESAM from
the 25 mm high reﬂector; controllable by a translation stage upon which the SESAM
was mounted. By increasing the separation D it is possible to reduce the size of the
waist upon the SESAM. Increasing the separation D, will also reduce the size of the
waist upon the gain chip affecting the overlap with the pump spot. If the mode area
at the surface of the gain chip is changed by more than a few % from that of the
pump spot, then the VECSEL will stop lasing; the maximum change is observed to
be around 1 %. There is thus a small range of D over which the cavity will be able to
lase, indicated by the shaded regions in ﬁgure 2.12. This cavity allows for a minimum
waist upon the SESAM of aproximately 10 mm.
(a)
(b)
Figure 2.12: Stability curves for the 1 GHz z-cavity: (a) cavity mode at the surface
of the gain chip, as a function of the separation D between the SESAM and 25 mm
high reﬂector; (b) cavity waist upon SESAM as a function of D. The shaded areas
correspond to the approximate stable operating range of the cavity.
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2.3 Sample Characterisation
In this section, results of the optical characterisation of gain sample QT1544 will be
presented. The experimental arrangement used to optically characterising a VEC-
SEL gain chip is shown in ﬁgure 2.13; this technique has previously been reported
by Tropper et al. [6]. In this technique, the photoluminescence (PL) spectrum emitted
from the surface (top PL) and from the edge (edge PL) of the gain chip is recorded.
The spectrally integrated photoluminescence power can also be recorded for the pur-
pose, of calculating quantum efﬁciency of the gain chip as reported in [6]; this calcu-
lation was not carried out for the lasers used in this thesis and will not be discussed
any further.
Figure 2.13: Experimental arrangement used to perform the optical characterisation
of QT1544, taken from [6].M, mirror; L, lens; D, doublet lens; MO, microscope objec-
tive; LP, long pass ﬁlter; PD, InGaAs photodiode; FT, ﬂip-top component.
Thearrangementofﬁgure2.13allowedforthespectrallyintegratedPLpower, top
and edge PL to be recorded in quick succession, all from the same location upon the
gain chip. The optically pumped quantum wells emit radiation into a solid angle of
4p steradians. The lens, L1 and the microscope objective (MO) sample small portions
of the top and edge PL, respectively; the ﬂip top mirror (M3) allowed for the input
to a grating spectrometer to be switched between the top and edge PL. To take these
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measurements, the wafer was ﬁrst cleaved into small chips of approximately 5 mm
by 5 mm. The chip was bonded to a copper heat-sink; the heat sink was temperature
controlled by a Peltier. PL measurements were carried out by optically pumping the
chip with an 830 nm laser diode emitting up to 1 W in a 60 mm radius spot upon the
gain chip.
A selection of top and edge PL are shown in ﬁgure 2.14. The PL spectra were
recorded at different pump powers and heat sink temperatures, as indicated in ﬁg-
ure 2.14; all the PL spectra were recorded from the same location on the gain chip. To
ensure that the edge PL only show the intrinsic spectral emission from the quantum
wells, it was necessary to rotate the MO through small angles (about 10) behind the
plane of the gain chip, and off axis from any emission that was wave-guided by the
VECSEL micro cavity. The edge PL (ﬁgure 2.14 a) show a strong photoluminescence
peak centred at about 1030 nm. This peak corresponds to the radiative recombination
of electrons in the conduction band with holes in the valence band. A small emission
peak around 985 nm indicates radiative recombination of carriers within the GaAs
barriers, the peak height is approximately 5% of the 1030 nm (quantum well) emis-
sion peak. Finally there is a peak centred around 830 nm which is caused by scattered
pump light.
As the pump power is increased, the integrated PL power increases, the spec-
tral bandwidth increases as the band states ﬁll and the quantum well emission peak
(close to 1030 nm) moves towards longer wavelengths. At a given pump power the
increasing heat sink temperature causes, the integrated PL power to fall, the spectral
width becomes broader and the peak at 1030 nm shifts towards longer wavelengths.
This shift towards longer wavelength can be attributed to the thermal expansion of
thelattice andto areduction inthe strengthof interactionthat causesthe bandgap[6].
The photoluminescence spectra, from the top surface of the gain chip are shown
in ﬁgure 2.14. These spectra are strongly modulated by the interference within the
multilayer. There is a broad intensity peak near 1010 nm caused by electron hole
recombination in the well; this peak is strongly ﬁltered by the etalon effect of the
gain structure. At shorter wavelengths (l < 980 nm) a series of peaks appear in
the spectrum. These peaks are caused by side lobes in the reﬂectivity of the DBR
spectrum outside the stop-band, see ﬁgure 2.5. There is again a peak close to 830 nm
which is caused by scattered pump light.
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(a)
(b)
Figure 2.14: (a) Edge photoluminescence (PL) from QT1544, (b) top PL recorded at 3
different temperatures and pump powers as indicated in the ﬁgures. Taken from [6].
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From these measurements the change in wavelength, of both the edge and the top
PL, can be calculated with respect to a change, in either the pump power or heat sink
temperature. These spectral shifts with increasing temperature (pump power) have
been calculated for the data presented in ﬁgure 2.14 and are listed below [6]:
dledge
dT
= 0.47 nmK 1,
dledge
dP
= 15 nmW 1, (2.14)
dltop
dT
= 0.06 nmK 1,
dledge
dP
= 2.36 nmW 1. (2.15)
The important thing to note is that the edge PL changes more rapidly with increasing
temperature and power than the top PL. To achieve maximum efﬁciency the different
rates of change should be taken into account when designing the sample, so that
the peak in the edge PL spectra coincides with that of the edge PL at the operating
temperature expected under intense pumping (1 - 1.5 W for QT1544).
In addition to the photoluminescence measurements, the reﬂectivity of the gain
chip may also be recorded. When a newly grown gain sample is ﬁrst being tested,
it is useful to compare the measured reﬂectivity spectrum with the reﬂectivity ob-
tained from a multilayer calculation. For comparison the measured (solid line) and
calculated (dotted line) reﬂectivity for waffer QT1544 is plotted in ﬁgure 2.15. Each
spectrum shows, an approximately 100 nm stop band centred near the design wave-
length of 1030 nm; this indicates that the DBR and micro cavity thickness have been
grown as speciﬁed. The dip in the measured spectrum, near 1020 nm, is caused by
absorption in the quantum wells.
Finaly the gain chip is placed into an external cavity to form a laser. Many of
the results reported in this thesis were taken using VECSELs operating at 1 GHz
repetition rates, ﬁgure 2.1. The construction of such a laser has been described in
section 2.2.1, where, to achieve CW lasing it is necessary to replace the SESAM with
a ﬂat high reﬂector. In such a z-cavity, and with 0.7 % output coupling, the gain
chips used in this thesis had a laser threshold of around 200 mW. When pumped
with 1.3 W, focussed to a 60 mm radius spot, the average CW power of the VECSEL
was around 140 mW with centre wavelength near 1035 nm. Typically, the centre
wavelength of the VECSEL could be temperature tuned over the range 1020 nm -
1050 nm. A selection of CW and modelocked spectra are presented in ﬁgure 2.16
along with a typical power transfer curve. The mdoe-locked characteristics of the
VECSEL will be described in more detail throughout the later chapters of this thesis,
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for now it shall be noted that the modelocked VECSELs presented within this thesis
typicaly produced pulses of duration 1 ps - 450 fs with avearge powers in the range
10 - 40 mW.
Figure 2.15: Measured reﬂectivity spectrum recorded for gain wafer QT1544 (solid
line); reﬂectivy spectrum obtained for QT1544 design, using a multilayer calculation
(dotted line) taken from [6]. The multilayer calculation fails to acurately model the
modulations in the measured spectrum. This can be attributed to the inacurate, spec-
iﬁcation of refractive index away from the design wavelength of the DBR.
When a newly grown gain waffer is ﬁrst tested, the characterisation techniques
presented in section 2.3 are used to infer the reliability of the epitaxial growth. It
should be noted that even when the reﬂectivity and PL measurements indicate a
succesful growth, there may still be differences between the design, of the structure,
and the real device. For example, the location of the quantum wells within the gain
chip remains an unknown after these characterisation techniques. To achieve mode
locking with the Stark SESAMs used in this thesis, it was observed that the VECSEL
should, in CW operation, be temperature tunable over the range 1030 nm - 1045 nm,
with an average power of at least 100 mW.
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(a) (b)
(c)
Figure 2.16: a) CW spectra recorded at various temperatures, b) mode-locked spec-
tra recorded at the temperatures recorded in the ﬁguree, c) power transfer curve
recorded for a CW VECSEL.
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47Chapter 3
Measuring the Phase Structure of
VECSEL Pulses Using Frequency
Resolved Optical Gating
It was observed that the VECSELs used in this thesis, capable of producing 500 fs
transform limited pulses, would also produce chirped pulses which could be greater
than 1.5 times transform limited and still be close to 500 fs in duration. It is the
purpose of this chapter to investigate the underlying phase structure responsible for
these non-transform limited pulses.
3.1 The Time-Bandwidth Product of VECSEL Pulses
The output from a mode-locked VECSEL is typically characterised by two measure-
ments, an intensity autocorrelation and an optical spectrum of the pulse train. From
these measurements the temporal duration and the bandwidth of the pulse can be de-
termined. The complex electric ﬁeld of an ultra-short pulse is a linear superposition
of monochromatic waves that can be expressed in the time domain as:
E(t) =
1
2
A(t)ei(f0+w0t+fa(t)). (3.1)
The electric ﬁeld may also be expressed in the frequency domain as:
˜ E(w) =
r
p
e0cn
I(w)e if(w), (3.2)
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where the time and frequency domains are related by the Fourier transforms:
E(t) =
1
2p
Z
˜ E(w)eiwtdw, (3.3)
˜ E(w) =
Z
E(t)e iwtdt. (3.4)
The term I(w) in equation 3.2 is the spectral intensity, it is proportional to the
power spectrum density the quantity measured by a spectrometer. The intensity au-
tocorrelation will give a measure proportional to A2(t). The spectrum and autocorre-
lation combined can be used to indicate the existence of a non-zero phase term in the
complex electric ﬁeld of the pulse by calculating the time-bandwidth product
DtDn. (3.5)
Fourier theory states that the time-bandwidth product of a pulsed signal is con-
strained by the uncertainty principle, see Siegman page 334 [1]. This quantity will
have a minimum value depending upon pulse shape and how Dt and Dn are de-
ﬁned. If Dt is the FWHM pulse length measured in seconds and Dn is the FWHM
bandwidth of the pulse measured in Hz then the time-bandwidth product will be
0.441 for a Gaussian pulse and 0.315 for a sech2. This minimum value is only achiev-
able when there is no signiﬁcant phase structure to the pulse, that is to say that fa(t)
depends only linearly upon time.
In ﬁg 3.1 the square modulus of the E-ﬁeld is plotted for a Gaussian pulse in the
time and frequency domains. These quantities are proportional to the autocorrelation
and spectrum of an ultra short pulse, (a) is a transform limited pulse; (b) the same
pulse length as in (a) with a quadratic variation in fa(t) known as a linear chirp.
The presence of the linear frequency chirp is indicated by an increase in the band-
width of the pulse compared to that of the transform limited pulse of the same tem-
poral duration.
A typical VECSEL/SESAM combination will be able to produce pulses of some
minimum temporal duration, namely around 500 fs for QT1544/QT1627. It is pos-
sible to maintain this minimum pulse length for a variety of bandwidths with the
time-bandwidth product being as much as two times the transform limit. There is
not enough information in the spectrum and autocorrelation to know the nature of
the underlying phase structure; the chirp could be linear or of higher order. If the
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(a)
(b)
Figure 3.1: (a) Temporal proﬁle of a chirped and un-chirped 50 fs pulse,(b) Fourier
transform of the 50 fs chirped pulses in (a).
nature of the phase structure is known, then it becomes possible to compress the
pulse in time by passing the pulse through a material system that applies a chirp of
opposite sign to that of the pulse. A 500 fs pulse that is 2 times transform limited
with a linear frequency chirp could be compressed down to 250 fs, for example by
using a grating compressor or photonic crystal ﬁbre [2]. However, for more compli-
cated phase structures there is no easy way of compensating for the chirp. It is the
aim of this chapter to describe an existing technique for measuring the phase struc-
ture of ultra-short pulses. The ﬁrst results of measurements of the phase structure of
VECSEL pulses are presented; they show the chirp to vary quadratically with time.
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3.2 Frequency Resolved Optical Gating
The technique of frequency resolved optical gating (FROG), introduced by D. J. Kane
and R. Trebino, overcomes many of the limitations of the intensity autocorrelation
[3–5]. FROG enables the complete retrieval of the pulse intensity and phase from an
experimentally recorded trace. In ﬁgure 3.2 a block diagram of a FROG experiment
is shown.
Figure 3.2: Block diagram of an experimental FROG measurement.
The FROG trace is an autocorrelation type measurement. The beam to be charac-
terised is ﬁrst split into two components. Then after a variable delay, the two beam
componentsareoverlappedinsideaninstantaneouslyrespondingnonlinearmedium
such as a BBO crystal. The resulting nonlinear signal is then spectrally resolved and
recorded as a function of delay, producing a spectrogram, from which the complex
electric ﬁeld of the pulse can be retrieved. If second harmonic generation is used then
the non-linear signal will be of the form [6]:
Esig(t,t) = E(t)E(t   t), (3.6)
where t is the delay between the two components of a single pulse. The resulting
FROG trace is a spectrogram or 2D plot of the form [6]
IFROG(w,t) =
   
Z +¥
 ¥
dtEsig(t,t)exp(iw/t)
   
2
. (3.7)
The complex electric ﬁeld is retrieved from the spectrogram using an iterative
phase retrieval algorithm [6]. The algorithm employs a technique known as gener-
alized projection to select a signal ﬁeld Esig(t,t) that satisﬁes two constraints given
by equation 3.6 and equation 3.7. The ﬁrst constraint, states that the signal ﬁeld re-
trieved by the FROG algorithm must match the result of inputting the real E-ﬁeld into
equation 3.6 end. The second constraint, is that the result of inputting the retrieved
51Measuring the Phase Structure of VECSEL Pulses Using FROG
signal ﬁeld into equation 3.7 must accurately recreate the measured spectrogram of
the pulse.
FROG is able to completely retrieve the complex electric ﬁeld of an ultra short
pulse except for a few minor ambiguities which will be discussed below. Two quan-
tities of interest when describing the phase structure of an ultra short pulse are the
instantaneous frequency:
w (t) = w0 +
dfa (t)
dt
, (3.8)
and group delay Tg(w) =
df(w)
dw
. (3.9)
In equation 3.8 the instantaneous frequency is given by the derivative of the tem-
poralphaseandisexpressedasthesumofthecarrierfrequency w0 andthederivative
of phase with time, referred to as the chirp. A linear increase of frequency with time is
called a linear up-chirp and a decrease of frequency with time is called a down-chirp.
The group delay describes the relative delay of a spectral component. The spectral
phase can often be approximated by a parabolic function and f(w) may then be ex-
panded into a Taylor series [7]:
f(w0) + f
0
(w0)(w   w0) +
1
2
f
00
(w0)(w   w0)2 +
1
6
f
000
(w0)(w   w0)3 ... (3.10)
Where w0 is the centre or carrier frequency of the pulse. The zeroth order term f(w0)
is called the absolute phase (or carrier envelope phase) of the pulse, corresponding
to the difference in phase between carrier wave and envelope of the pulse. The ﬁrst
order component describes a translation in time of the whole pulse with respect to
the rest of the pulse train. The FROG technique is insensitive to both zeroth and ﬁrst
order effects. The higher order terms in equation 3.10 are responsible for changes in
the real electric ﬁeld of the pulse with time, and are measured by FROG. For example,
the second order term relates to a linear chirp of the pulse, while the third order term
gives the third order dispersion (TOD).
As the SHG FROG trace is symmetrical about the time axis, there exists a temporal
ambiguity in the retrieved pulse. This means that it is impossible to know the sign
of any phase distortion that is an even function of time, so the linear chirp will have
an ambiguous sign. It is also impossible to know the sign of any distortion in the
frequency domain. In addition to this ambiguity, FROG is unable to measure the
carrier envelope phase of the pulse.
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3.3 Experimental Considerations
The FROG arrangement used to measure the pulses from a VECSEL is shown in ﬁg-
ure 3.3. As the pulse energy from a VECSEL is very low, typically around 5 nJ, second
harmonic generation (SHG) in a BBO crystal was chosen to generate the nonlinear
signal; this technique is referred to as SHG-FROG [6]. SHG-FROG is more sensi-
tive to low energy pulses, of the type typically generated by a VECSEL, providing a
greater signal than any other nonlinearity used by the FROG technique.
Figure 3.3: Experimental FROG conﬁguration; output from the VECSEL character-
ized before and after FROG measurements by taking SHG autocorrelation and spec-
trum. Partial reﬂections from a glass wedge enabled the optical spectrum and RF
spectrum (or fast scope trace) to be observed during a FROG measurement. FT =
ﬂip top mirror, L1 = 10 cm focal length lens; a 300 m thick BBO crystal cut for non-
collinear SHG with a 15 degree full angle between incident beams was used to pro-
duce the FROG signal.
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Two beam paths of approximately the same length were deﬁned by splitting the
output from the VECSEL into two using a 50/50 beam splitter. One of the beam
paths contained two mirrors mounted upon a computer controlled translation stage;
this provided a variable delay between pulses in each of the beam paths. After the
variable delay was applied the two halves of the VECSEL output were brought to a
focus and recombined non-co-linearly inside of a BBO crystal; the full angle between
the two beams was less than 15 degrees. A 300 mm crystal was used for the FROG
set up since one was made available by canobolising a homemade autocorelator. It
shouldbenotedthataslightlythickercrystalcouldhavebeenusedprovidingthatthe
nonlinear conversion efﬁceincy did not exceed about 3 % [6] and the phase matching
condition could still be maintained [8]. The second harmonic signal from the crossed
beams was collimated and focused into a home made spectrometer consisting of a
monochromator and CCD camera.
Light from the BBO crystal enters the monochromator through a micrometer con-
trolled entrance slit. This light is reﬂected from a mirror, positioned approximately
1 m away from the entrance slit. The reﬂected light is brought incident upon a
diffraction grating, positioned to the left of the entrance slit, 1 m away from the ﬁrst
mirror. The diffraction grating has a total of 1.2105 lines across it’s 10 cm surface
(12000/mm). Light reﬂected from the diffraction grating obeys the grating equa-
tion [9]
a sin(qm   qi) = ml (3.11)
Where: a is the grating period (1/12106), l is the wavelength of the light, m is
the diffraction order and qm/i is the reﬂection/incident angle with respect to a line
drawn normal to the surface of the grating; the subscript m relates to the order of
the diffracted light. Light is reﬂected from the diffraction grating towards a second
mirror. This mirror is positioned on the left hand side of the ﬁrst mirror, and guides
the incident light towards the exit slit of the monochromator. The wavelength of light
that reaches the exit slit is controlled by the angle qm   qi. The diffraction grating is
mounted, on a, motor controlled, rotation stage. This enables for control of the angle
qm   qi and thus the wavelength of light that reaches the exit slit.
To convert the monochromator into a spectrometer, the exit slit was removed and
replaced with a linear CCD array. The CCD had 3000 pixels, aligned in the horizontal
plane, so that the entire second harmonic spectrum would be incident upon some
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part of the array after reﬂection from the diffraction grating. The resolving power of
a spectrometer is given by the equation [9]
Resolving power =
Dl
Dlmin
= mN. (3.12)
In the previous equation l is the average wavelength, m is the diffraction or-
der (equal to 1 for this spectrometer), N is the total number of lines on the grating
and Dlmin is the minimum separation after which two separate wavelengths become
irresolvable. To obtain the maximum resolution from the spectrometer, the light di-
verging from the entrance slit, must ﬁll the diffraction grating in the horizontal plane.
The resolution of the spectrometer was calculated using equation 3.3 to be 0.004 nm
over an 18 nm window. The centre wavelength of this window could be set to any
wavelength, in the visible, by rotating the diffraction grating within the horizontal
plane.
InpracticethedensityofpixelsupontheCCDwasfoundtolimitthespectrometer
resolution. The 18 nm spectral window of the spectrometer made it possible to simul-
taneously observe certain pairs of spectral lines, such as the 514.5 nm and 528.7 nm,
generated by an argon ion laser. From these observations of the argon ion spectrum
it was deduced that the CCD pixel spacing corresponded to a 0.006 nm wavelength
separation.
In order to record the FROG trace, the delay stage was ﬁrst manually adjusted
to ﬁnd zero delay between the two beam paths (maximum second harmonic signal),
then the stage was translated past zero delay until the second harmonic signal had
disappeared. The stage was then translated back through zero delay by the computer
in a number of steps (64, 128, 256 etc), the step size being adjusted so that the stage
would go completely through zero delay and to a region where the two pulses no
longer overlapped (no second harmonic signal). In-between each step the computer
would record a spectrum of the second harmonic signal.
There are many things that can reduce the accuracy of the pulse retrieved by the
algorithm. Delong et al. have described a set of conditions for maximising the accu-
racy of SHG FROG [6], the basic requirement being to maintain the relationship that
the signal is linear with the square of the input ﬁeld:
Esig(t,t) = E(t)E(t   t). (3.13)
If the electric ﬁeld is too high upon the nonlinear crystal then there will be a situation
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where the SHG process is efﬁcient enough to deplete the pump, and the SHG signal
will no longer be linear with square of the input ﬁeld. To maintain the relationship
of equation 3.13 to within one percent it is necessary to limit the peak intensity con-
version efﬁciency of SHG to a maximum of 3 %. Due to the low average power of the
VECSELs used in these experiments this condition is always met.
There is a mismatch between the group velocities of the fundamental v
fund
g and
second-harmonic vSHG
g beams within the doubling crystal. This mismatch acts as a
frequency dependent ﬁlter of the form [6]
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The ﬁlter multiplies the generated SHG signal spectrum reducing the bandwidth of
the pulse retrieved by the algorithm. This effect can also distort the phase of the
retrieved pulse. The group velocity mismatch becomes more critical as the band-
width of the pulse increases. To reduce this effect to less than a 10 % reduction in
the retrieved spectral bandwidth, Delong et al. require that the half-width at half-
maximum of the spectral ﬁlter F(w) be larger that 1.4 times the half-width at half-
maximum of the SHG signal. For a 300 mm thick BBO crystal this condition is always
met with the pulses typically produced by a VECSEL.
The next potential source of error is associated with recording the set of second
harmonic spectra that make up the FROG trace. An ultra short pulse is considered
properly sampled when all the data points with intensity greater than 10 4 of the
peak intensity of the pulse appear within the FROG trace surrounded by points of
zero intensity/noise. A data set thus sampled will contain full phase and intensity
information of the pulse [9]. To achieve this, the correct step size must be chosen for
each measurement; this will vary depending upon pulse length and total number of
data points recorded.
The temporal step size must be large enough to fully sample the pulse in the time
domain, that is
Ndt  Dts. (3.16)
The parameter N in equation 3.16 is the total number of steps (16, 32, 64...etc) and
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Dts is the full width of the pulse at 10 4 of peak intensity. The FROG alogorithm
requires that the number of steps in the time domain be equal to the number of steps
in the frequency domain, taht is the spectrogram must be a NN matrix of points.
Since the temporal width and spectral bandwidth of the pulse are inversely related it
is possible to choose a temporal step Dts that is so large as to cause a cropping of the
pulse in the frequency domain, that is the spectral width NDl will be smaller that
the full width of the real spectrum. To avoid cropping in the frequency domain, for
a Gaussian pulse measured with polarizsation gating FROG, DeLong et al. require
that [10]
dt 
1
6.3fp
, (3.17)
where fp is the FWHM of the spectrum in Hz; this number will vary slightly depend-
ing upon pulse length and FROG technique.
The algorithm requires that the wavelength and temporal increment be accurately
speciﬁed, since inaccuracy in either of the two increments will lead to an error in the
propertiesoftheretrievedpulse(t,Dw,f etc). Thepercentageerrorinretrievedpulse
property varies from pulse to pulse but is estimated in [6] to be of the same order as
the size of the percentage error in either the wavelength or time increment.
Additional features can be formed in the spectrogram of a VECSEL pulse train in
the form of random spikes in intensity at various delays. These spikes are caused by
the VECSEL becoming unstable during lasing and switching between single pulse,
cw-operation and various multi-pulse regimes. The consequence of these effects
upon the pulse retrieved by the algorithm will be discussed later.
3.4 Phase Retrieval with a 1 GHz VECSEL
The VECSEL used for this measurement produced a train of double pulses with an
average power of 13 mw and FWHM pulse length of 590 fs (sech2 ﬁt). The spectrum
had a bandwidth of 3.27 nm centred at 1046.9 nm; the pulse train was 1.68-times
transform-limited. During the measurement the heat sink upon which the gain chip
was mounted was held at a constant temperature of 22C. The FROG measurement
recorded spectra at 512 different delays using a step size of 12 fs and an integration
time of 80 ms, the total measurement took just over 2 min. After the FROG trace
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was taken, a second autocorrelation and spectrum were recorded and the power was
measured. The pulse length had dropped to 570 fs and the bandwidth had narrowed
to 3.16 nm, meaning that the pulse train was 1.57-times transform-limited after the
FROG measurement; the average power was now 11.8 mW.
The validity of the experimentally recorded spectrogram can be checked before
using the algorithm by comparison with the recorded autocorrelation and spectrum.
Thisisachievedbycalculatingthedelayandfrequencymarginalsofthespectrogram.
The delay marginal is the integral of the FROG trace along the frequency axis, and
should reproduce the intensity autocorrelation of the pulse. The frequency marginal
is the integral of the FROG trace along the delay axis. For SHG FROG the frequency
marginal has the form ( [11] page 205):
MSHG
w (w   2w0) = S(w   2w0)S(w   2w0), (3.18)
where S(w   2w0) is the measured spectrum and  indicates convolution.
To check the stability of the VECSEL, the spectrum and fast scope trace of the
pulse train were continuously observed during the FROG measurement. In ﬁgure 3.4
two spectrograms are shown, one for a stable VECSEL producing a train of double
pulses; the second spectrogram is distorted as the VECSEL was switching in-between
cw-lasing and different multiple pulse regimes during the measurement. In ﬁgure 3.5
the marginals calculated from the FROG trace (blue curves) have been overlapped
with the corresponding experimental data (red curves). The data on the left corre-
sponds to the stable VECSEL producing double pulses continuously throughout the
FROG measurement, and the data on the right is from the less stable VECSEL that
was shifting between different multiple pulse regimes.
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(a) (b)
Figure 3.4: Experimentally recorded FROG traces of (a) 1 GHz VECSEL emitting a
train of double pulses with average power 12.4 mW; (b) the same laser switching
between different numbers of multiple pulses and CW operation, average power
19.55 mW. Number of steps were 512, step size was 13 fs, integration time was 80 ms.
ItisevidentthattheinstabilityinthesecondVECSELproduceserrorsbetweenthe
retrieved marginals and measured data; such a FROG trace will not reliably recreate
the complex ﬁeld of the VECSEL. The marginals (3.5) for the FROG traces in ﬁg-
ure 3.4 are in agreement with the measured data for the stable VECSEL, indicating
an acurately recorded spectrogram; the slight discrepancy can be attributed to the
reduction in chirp and average power of the VECSEL over the course of the FROG
measurement. The marginals for the unstable VECSEL, ﬁgure 3.5 b), have a greater
discrepency with the measured data, indicating that correct phase information about
the pulse train can not be reliably retrieved from this FROG trace.
It is difﬁcult to assess how the slight changes in pulse train properties during the
measurements will affect the validity of the E-ﬁeld retrieved by the algorithm. The
discrepancy between marginals and experimental data depends upon noise in the
experiment and not on the changing pulse properties. The effect upon the retrieved
E-ﬁeld of experimental errors can be assumed to be small as these discrepancies are
greatest in the wings of the curves where the intensity and thus signal to noise ratio
are lowest. A check of this statement can be made by comparing the experimental
FROG trace to the trace generated by inputting the retrieved E-ﬁeld into equation 3.7;
the two traces are plotted alongside each other in ﬁgure 3.6.
Firstly, it should be noted that the experimental FROG trace is symmetrical about
the delay axis; this suggests that the slow evolution of the pulse properties has had
only a small effect upon the measurement. Visually, the two traces are very similar,
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indicating that the algorithm was able to reliably recreate the E-ﬁeld of the pulse. A
more quantitative comparison is possible by calculating the FROG error [6]
G =

1
N2 å(IFROG(w,t)  
 Esig(w,t)
 2)2
1
2
, (3.19)
deﬁned as the RMS deviation between the experimental and retrieved FROG traces.
This provides a statistical comparison of the measured spectrogram with the trace
retrieved by the algorithm. For the 1 GHz data above G = 0.0073. The FROG error for
accurate retrieval of low-noise data is expected to be less than 0.005 for a step size of
N = 128 as reported in [5]; for N = 512 this falls to 0.0025 as the error scales as N 1
2.
However, these numbers are based on the performance of lasers operating at much
lower repetition rates to the VECSELs described in this work.
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(a)
(b)
Figure 3.5: Delay and frequency marginals (blue curves) overlapped with experimen-
tally measured autocorrelations and spectral convolutions (red curves). Marginlas
are calculated for data from ﬁgure 3.4, (a) stable double pulse, (b) switching between
multiple pulsing and cw-operation.
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Figure 3.6: Experimental FROG trace (a) and the corresponding trace retrieved by the
FROG algorithm (b). The VECSEL emitted a train of double pulses with an average
power of 13 mW, pulse length = 590 fs (sech2) and the bandwidth was 3.27 nm cen-
tered at 1046.9 nm measured before recording the FROG trace; the average power
changed to 11.8 mW, pulse length 570 fs (sech2) and the bandwidth was 3.16 nm cen-
teredat1046.9nmallmeasuredafterrecordingtheFROGtrace. ThecalculatedFROG
error was 0.0073. Number of steps = 512, step size = 12 fs, integration time = 120 ms.
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The validity of the pulse retrieved by the algorithm can be checked by compari-
son with the measured autocorrelation and optical spectrum. To this end, the mea-
suredspectrumandautocorrelationareplottedinﬁgure3.7alongwiththeequivalent
quantities generated from the retrieved E-ﬁeld. The excellent agreement between the
two sets of data indicates that the algorithm has retrieved the pulse accurately.
The measured spectrum has been converted to frequency and both the measured
and retrieved spectra have been centred about a particular value of frequency de-
termined by the algorithm, where negative frequency corresponds to longer wave-
lengths. The retrieved spectrum has approximately the same asymmetric shape as
the measured spectrum but lacks the modulations caused by the substrate reﬂections
within the VECSEL. The retrieved spectrum is slightly narrower, deviating from the
shape of the measured spectrum more strongly in the low intensity edges of the trace.
A sech2 ﬁt has been assumed for the measured autocorrelation. The normalised
plot has been multiplied by 0.648, and overlaps very well with the square modulus of
the retrieved E-ﬁeld; the only disagreement occurs in the low intensity edges. There
are also peaks in the measured autocorrelation at  4 ps; these are caused by sub-
strate reﬂections within the VECSEL and are estimated to have less than 5 % of the
pulse energy. Figure 3.7 indicates that the algorithm has reliably recreated the electric
ﬁeld of the pulse with some disagreement with the experimental data in low intensity
edges of the pulse; this can be attributed to noise in the FROG trace. The additional
features of modulation in the spectrum and the additional peaks in the autocorrela-
tion are absent from the retrieved data as the sampled time window was not long
enough to capture this information; the additional features in the autocorrelation are
separated by about 10 ps while the total delay of the FROG trace was just over 6 ps.
The imaginary part of the retrieved electric ﬁeld contains nearly complete infor-
mation about the phase of the measured pulse train. FROG is insensitive to the ab-
solute phase and to translations of the whole pulse in time. In order to present this
information in the time and frequency domains, the instantaneous frequency and
group delay (equations 3.8-3.9) are plotted in ﬁgure 3.8.
63Measuring the Phase Structure of VECSEL Pulses Using FROG
(a)
(b)
Figure 3.7: Retrieved spectrum (a) and square modulus of the E-ﬁeld (b) correspond-
ing to the 1 GHz VECSEL data of ﬁgure 3.6. The data has been normalized and
is plotted along with the autocorrelation multiplied by 0.648 (sech2) and measured
spectrum. The modulations in the measured spectrum are caused by reﬂections from
the substrate of the VECSEL chip and do not appear in the FROG data as the tempo-
ral sampling range was to low; the side pulses in the measured autocorrelation are
caused by the same effect and are also absent from the retrieved data.
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(b)
Figure 3.8: Instantaneous frequency and group delay retrieved by the algorithm for
the 1 GHz VECSEL, data in ﬁgure 3.7. The instantaneous frequency (a) is plotted
along with the square modulus of the retrieved E-ﬁeld (blue curve), while the group
delay (b) is plotted along with the retrieved spectrum (blue curve). A log plot of the
spectrum is included showing artiﬁcial spikes in the group delay when the intensity
of the spectrum reaches a minimum. The phase information in these plots only has
a real meaning where it corresponds to a non-zero value of the spectrum/square
modulus of the E-ﬁeld.
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The instantaneous frequency only has a real meaning for non-zero values of the
square modulus of the E-ﬁeld (blue curve, a). Figure 3.8 a) shows that the instan-
taneous frequency varies parabolically across the pulse, rising from a minimum of
1.075 THz at a delay of - 0.78 ps, up to a maximum of 1.82 THz near zero delay, then
falling to another minimum of 1.065 THz at 0.72 ps. Due to the symmetry inherent in
FROG the delay axis in this plot is reversible in time.
The group delay only has a real meaning for non-zero values of the spectral in-
tensity (blue curve, b). The group delay varies parabolically across the pulse. It has
two local minima that coincide with the pulse, one near the centre and the other to-
wards the edge on the long frequency side (0.165 ps). The group delay rises to a much
higher value as the pulse goes towards shorter wavelengths (0.421 ps corresponding
to a similar spectral intensity as the ﬁrst minimum). Due to the symmetry in FROG,
the group delay is reversible about the zero point in the delay axis.
To quantify the nonlinear phase structure of the retrieved pulse, the group delay
and instantaneous frequency plots have been ﬁtted with polynomial curves. In ﬁg-
ure 3.9 a), a second order polynomial has been ﬁtted to the instantaneous frequency
curve.
From the parameters of the ﬁtted curve it is estimated that the instantaneous fre-
quency (deﬁned in equation 3.8) be given by
w(t) = w0 + At   Bt2, (3.20)
where A = 0.1, B = 2.185 and t is measured in picoseconds. No value for the carrier
envelope phase w0 is quated since the FROG technique is insensitve to this order of
phase. By integrating equation 3.20 with respect to t we obtain the temporal phase of
the pulse
f(t) = f0 + w0t +
1
2
At2  
1
3
Bt3. (3.21)
In ﬁgure 3.9 b) a third order polynomial has been ﬁtted to the group delay curve.
From the parameters of the ﬁt it is shown that the group delay
Tg(w) = A + B(w   w0) + C(w   w0)2 + D(w   w0)3, (3.22)
where B = 19.506, C = 10.651, D = 1.929 and w is the angular frequency measured in
rad/sec. The constant term A corresponds to a translation of the pulse envelope in
time which FROG is not sensitive to.
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Figure 3.9: Polynomial ﬁt (red curves) to chirp and group delay (black curves) of data
from ﬁgure 3.8; note that the phase information in the plots only has real meaning for
non-zero values of the spectrum/square modulus of the E-ﬁeld (green curves). The
ﬁtting parameters for these curves are given at the bottom of the plots.
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The group delay dispersion of the pulse is obtained by differentiating equation 3.22,
giving a value of 3.104 ps2. By taking the second and third derivatives of equation
3.22 we obtain a value for the third order dispersion on 0.540 ps3 and 0.047 fs4 for the
fourth order dispersion.
It should be noted that the above result was obtained for a laser that supported
two optical pulses within the cavity. It will be shown in the preceding subsection that
the VECSELs propensity to multi-pulse will not affect the reliability of the retrieved
FROG trace and phase information, provided that each of the pulses within the VEC-
SEL cavity are identical. To investigate the effect of multiple pulsing further, the
phase structure of a fundamentaly mode-locked VECSEL was measured; the results
of which are presented in section 3.5. It proved experimentaly difﬁcult to suppress
the multiple pulsing of the VECSEL at 1 GHz, so it was necessary to build a cavity
with a higher repetition rate; at 6 GHz it was found that the intra-cavity pulse energy
had dropped sufﬁciently to sustain fundamental mode-locking. However, the drop
in pulse energy seriously reduces the second harmonic signal obtained from BBO
crystal; at 6 GHz we are thus very close to the limit in sensitivity of the FROG setup
used in this work.
3.4.1 Validity of the Multi-Pulse Measurement
Multiple pulsing is a symptom of the laser operating in a regime of lowest intracavity
loss. In VECSELs, this arises whenever the peak power of the pulse exceeds some
maximum value characteristic of the laser. It is observed that the average power
of a VECSEL, at a particular repetition rate, increases with pulse number in a step
like manner; with a double pulsed VECSEL having approximately twice the average
power of a fundamentally mode-locked VECSEL.
If we assume that each pulse within the cavity of a multipulsing VECSEL has the
same energy, then each pulse will experience similar pulse shaping effects per round
trip, provided that their spacing allows for recovery of all saturable effects between
adjacent pulses. In such a case the pulses will be nearly identical.
The fast scope trace of the double pulse train observed during the FROG measure-
ment is displayed in ﬁgure 3.10. The trace shows a train of double pulses separated
by the cavity round trip time of 1 ns. The spacing between each pulse in the cavity
(Dt) is equal to 160 ps. This time is sufﬁcient for both the gain of the VECSEL and the
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absorption of the SESAM to recover between pulses.
Figure 3.10: Fast scope trace of the stable 1 GHz VECSEL, showing a train of double
pulses. Individual pulses are separated by aproximately 160 ps.
Without making any assumptions about the form of the double pulse train, other
than to say that the pulse spacing remains constant during the FROG measurement,
the signal ﬁeld generated by a double pulse train will have the form
Esig = (E1(t) + E2(t))[E1(t   t) + E2(t   t)]. (3.23)
Equation 3.23 can be expanded to give
Esig = E1(t)E1(t   t) + E2(t)E2(t   t) + E1(t)E2(t   t) + E2(t)E1(t   t), (3.24)
where E1(t) and E2(t) are the electric ﬁelds of each of the pairs of the pulses in the
pulse train. The spacing between the two pulses, Dt, is far greater than the total
delay of the FROG scan so that each pulse will only overlap with itself inside the
BBO crystal; this means that the last two terms in equation 3.24 equate to zero. It
follows that the recorded spectrogram will be of the form
IFROG(w,t) =
   
Z
dtE1(t)E1(t   t)exp(iwt) +
Z
dtE2(t)E2(t   t)exp(iwt)
   
2
. (3.25)
In the case where E1 = E2
IFROG(w,t) =
 
 2
Z
dtE(t)E(t   t)exp(iwt)
 
 
2
. (3.26)
Clearly any difference between the two pulses will change the form of the spectro-
gram and thus the retrieved phase information.
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3.5 Phase Retrieval with a 6 GHz VECSEL
The FROG data presented so far has been for a 1 GHz VECSEL operating in a multi-
pulse regime with two pulses in the cavity. It proved difﬁcult to operate this gain
sample in a stable single pulse regime for long enough to acquire a reliable FROG
trace of its phase structure; so it was decided to create a VECSEL with the same gain
material operating at a 6 GHz repetition rate. The advantage of the higher repetition
rate is to decrease the peak power of the VECSEL pulses while keeping the average
power essentially the same as in the 1 GHz case; this effectively ensures stable single
pulse operation of the laser. The disadvantage of this approach is that the signal to
noise ratio of the FROG measurement will decrease as the intensity of second har-
monic light generated depends strongly upon the pulse energy.
There are a number of differences between the two lasers that may affect the un-
derlying phase structure of the pulse trains. These differences are listed below in
table 3.1.
Laser Property 1 GHz 6 GHz
Average Power Before FROG 13.8 mW 14.6 mW
Average Power After FROG 11.8 mW 14.6 mW
Pulse Length Before FROG 590 fs  10 fs 730 fs  10 fs
Pulse Length After FROG 570 fs  10 fs 740 fs  10 fs
Average Pulse Energy 0.886 nJ 0.348 nJ
Peak Power on the Gain* 11.9 MW/cm2 3.7 MW/cm2
Peak Power on the SESAM** 427.9 MW/cm2 132.6 MW/cm2
Gain Heat Sink Temperature 22C 27.6C
Centre Wavelength 1046.9 nm 1049.8 nm
Bandwidth Before FROG 3.27 nm 2.45 nm
Bandwidth After FROG 3.16 nm 2.37 nm
Calculated Cavity GDD 366.39 fs2 224.76 fs2
Calculated Cavity TOD 32000 fs3 25572 fs3
Table 3.1: Properties of the 1 and 6 GHz VECSELs relevant to a discussion of phase
structure in the laser pulse train.*Peak power assumes a 60 mm spot upon the
gain.**Peak power assumes a 10 mm spot upon the SESAM.
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The angle between the cavity mode and the gain chip is greater in the 6 GHz
VECSEL resulting in an effective increase in the optical thickness of the gain with
respect to the 1 GHz laser; all the differences in the table above can be attributed to
this increase in optical thickness. The GDD d2f(w)/dw2 and TOD d3f(w)/dw3 of
the cavity are quoted as the sum of GDD(TOD) from a single pass upon both the
SESAM and gain chip, the value depends upon the centre wavelength of the pulse
and the structure of the SESAM/gain chip; the technique for calculating these values
has been described in section 2.2.
The experimental and retrieved FROG traces are shown in ﬁgure 3.11. Due to the
lower second harmonic signal it was necessary to use a longer integration time of
360 ms to record the trace. The number of steps used was 512 fs and the step size
was 13 fs. The experimental trace has a very similar shape to the 1 GHz data, dif-
fering mainly around the edges where there is some low intensity signal that trails
off towards long delay. This low intensity signal has not been retrieved by the algo-
rithm. The corresponding FROG error is 0.0051, a value that is lower than the 1 GHz
measurement suggesting a more accurate retrieval.
(a) (b)
Figure 3.11: Experimental FROG trace (a) and the trace retrieved by the algorithm
(b). The laser was a 6 GHz VECSEL emitting a train of single pulses. The train had
a centre wavelength of 1049.8 nm with a 2.45 nm bandwidth and average power of
14.6 mW measured before FROG; the pulse length was 730 fs assuming a sech2 ﬁt.
After the FROG trace was recorded the average power remained at 14.6 mW, the
bandwidth had slightly narrowed to 2.37 nm centered at 1049.8 nm while the pulse
length had increased to 740 fs. The FROG error was 0.0051.
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(a)
(b)
Figure 3.12: Normalized frequency (a) and delay marginals (b) of the experimental
FROG trace of ﬁgure 3.11 (blue curves); plotted on the same axis are the experimen-
tally measured autocorrelation and spectrum (red curves).
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The validity of the experimental FROG trace is again estimated by comparing
the marginals with the measured spectral convolution and autocorrelation. The fre-
quency marginal for the 6 GHz trace is shown in ﬁgure 3.12 a) plotted along with the
measured spectrum. The delay marginal is plotted along with the measured auto-
correlation in ﬁgure 3.12 b). The frequency marginal is a similar shape to the auto-
convolution of the measured spectrum disagreeing more strongly in the low intensity
edges of the trace. The agreement seems to be less than with the 1 GHz VECSEL. The
autocorrelation agrees strongly with the delay marginal again differing most in the
low intensity edges of the trace.
The reliability of the retrieved E-ﬁeld is again checked against the measured au-
tocorrelation and spectrum. The retrieved spectrum is plotted in ﬁgure 3.13 a) along
with the measured spectrum. In ﬁgure 3.13 b) the square modulus of the retrieved
E-ﬁeld is plotted in the time domain along with the measured autocorrelation (as-
suming a sech2 ﬁt).
The spectrum retrieved by the algorithm from the 6 GHz trace is a similar shape
to the retrieved spectrum in ﬁgure 3.7 a) using the 1 GHz VECSEL; again more neg-
ative frequency corresponds to longer wavelength. Both the 1 GHz and 6 GHz spec-
tra are asymmetric with a second low intensity peak towards shorter wavelengths.
This time the experimentally recorded spectrum disagrees more strongly with the re-
trieved spectrum. The measured and retrieved spectra stop overlapping at the edges
of the trace below about 40 % of the peak intensity. The two spectra differ in shape
most strongly towards the left of the plot where there is a dip in the measured spec-
trum near -4.7 THz; this dip is absent from the retrieved spectrum and could be an
artefact suggesting a slightly misaligned spectrometer.
The square modulus of the retrieved E-Field agrees closely with the same quantity
measured by the autocorrelator, here a sech squared ﬁt has been assumed. The only
disagreement occurs in the low intensity edges. Both the measured spectrum and
autocorrelation contain additional features that are caused by substrate reﬂections
within the VECSEL. These features are again absent from the retrieved data as the
sampled time window was not long enough to capture this information.
The instantaneous frequency of the pulse is plotted in ﬁgure 3.14 a) along with
the square modulus of the retrieved E-ﬁeld. The graph shows that the pulse again
has a nonlinear chirp.
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(a)
(b)
Figure 3.13: Retrieved spectrum (a) and square modulus of the E-ﬁeld (b) (blue
curves) plotted along with the measured autocorrelation multiplied by 0.648 (sech2
ﬁt) and spectrum. All the curves have been normalized. There is evidence of sub-
strate reﬂections in both the measured spectrum and autocorrelation that has not
been picked up by the FROG measurement.
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(a)
(b)
Figure 3.14: Instantaneous frequency and square modulus of the retrieved E-ﬁeld (a).
Group delay and retrieved spectrum are plotted along with a log plot of the retrieved
spectrum (b). There are two artiﬁcial spikes in the group delay corresponding to local
minimum in the retrieved spectrum.
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Theinstantaneousfrequencyvariesparabolically, risingfromaminimumof3.812THz
at a delay of - 0.68 ps up to a maximum of 4.267 THz near zero delay before falling
to 3.828 THz at a delay of 0.64 ps. The phase information is again represented in the
frequency domain by plotting the group delay of the pulse, shown in ﬁgure 3.14 b)
along with the retrieved optical spectrum. The nonlinear phase structure is evident
in the group delay, which varies across the pulse. The curve appears to be upside
down, having a similar shape to the group delay of the 1 GHz VECSEL when mir-
rored about zero delay. Due to the ambiguity in SHG-FROG it is impossible to tell
whether the group delay of the two lasers do have the same sign. Again to quantify
the nonlinear phase structure of the retrieved pulse, the group delay and instanta-
neous frequency plots have been ﬁtted with polynomial curves. In ﬁgure 3.15 a) a
second order polynomial has been ﬁtted to the instantaneous frequency curve.
From the parameters of the ﬁtted curve it is estimated that the instantaneous fre-
quency is
w(t) = w0   At   Bt2, (3.27)
where A = 0.056, B = 1.08 and t is measured in picoseconds. It is tempting to assume
that the constant term, w0, in the instantaneous frequency corresponds to the carrier
envelope phase of the pulse, however FROG is not sensitive to this order of phase so
again no number is quoted. By integrating equation 3.27 with respect to t we obtain
the temporal phase of the pulse
f(t) = f0 + w0t  
1
2
At2  
1
3
Bt3. (3.28)
In ﬁgure 3.15 b) a third order parabola has been ﬁtted to the group delay curve. From
the parameters of the ﬁt it is shown that the group delay
Tg(w) =  A   B(w   w0)   C(w   w0)2   D(w   w0)3. (3.29)
Again the constant term, A, has no real meaning here, it corresponds to a translation
of the pulse envelope in time which FROG is not sensitive to. The other terms in
equation 3.29 have the following values: B = 116.444, C = 55.224, D = 2.175 and
w is measured in rad/sec. The group delay dispersion of the pulse is obtained by
differentiating equation 3.29, giving a value for the GDD of -26.490 ps2. By taking
the second and third derivatives of equation 3.29 we get a value for the third order
dispersion of 1.399 ps3, and 0.053 ps4 for the fourth order dispersion.
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(a)
(b)
Figure 3.15: Parabolic ﬁt (red curves) to chirp and group delay (black curves) of data
from ﬁgure 3.14; the phase information in the plots only has real meaning for non
zero values of the spectrum/square modulus of the E-ﬁeld (green curves). The ﬁt
parameters for these curves are given at the bottom of the plots.
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3.6 Discussion of Results and Conclusions
A single VECSEL gain chip has been mode-locked at two different repetition rates
and the phase structure of the resulting pulse trains has been characterised using
frequency resolved optical gating. The 1 GHz VECSEL produced a train of double
pulses which were 1.57 times transform limited. The 6 GHz laser produced a train
of single pulses that were 1.52 times the transform limit. In table 3.2 the results of
the FROG measurement are presented for comparison of the two different repetition
rates.
Pulse Property 1 GHz VECSEL 6 GHz VECSEL
fa(t) 0.05t2 - 0.728t3 - 0.028t2 - 0.36 t3
GDD 3.104 ps2 -26.490 ps2
TOD 0.54 ps3 -1.399 ps3
DuDt 0.495 0.479
Table 3.2: Comparison of the phase properties of a VECSEL gain chip operating at
two different repetition rates.
In the time domain the temporal phase fa(t) appears to have a different sign for
each repetition rate, this may or may not be the case as there is a temporal ambigu-
ity in the SHG FROG measurement. If for example the curve in ﬁgure 3.15 a) were
ﬂipped about zero in the time axis then the sign of the two would agree. For both
repetition rates the pulse train is shown to have a non-zero-cubic phase term. As-
suming the sign of the two temporal phases to be the same for each term, the second
order temporal phase is 1.79 times larger for the 1 GHz VECSEL and the third order
term is 2.02 times larger.
In the frequency domain, values for the group delay dispersion and third order
dispersion have been extracted and are displayed in table 3.2. If the sign of the dis-
persion is again ignored then the two FROG measurements show qualitatively the
same behaviour; the VECSEL produces a pulse that has undergone a non-zero group
delay dispersion and a small amount of third order dispersion. Quantitatively the
6 GHz VECSEL has experienced nearly nine times as much GDD and almost three
times as much TOD as the 1 GHz pulse train.
The FROG measurement has shown that when a Stark mode-locked VECSEL is
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adjustedtogivemaximumbandwidth, theresultingnon-transformlimitedpulsewill
have a nonlinear chirp arising from a cubic temporal phase; such a chirp is difﬁcult
to compress as there is also a quadratic dependence of the temporal phase.
There are many physical mechanisms in a VECSEL that contribute to the phase
structure observed in this work. There is a contribution to GDD and TOD arising
from the multilayer structure of the gain chip and the SESAM; material dispersion
and SPM are always present, and there are also saturation effects within the semi-
conductor mirrors. An optical pulse incident upon the gain/SESAM will cause a
dynamic change to the carrier density of the semiconductor. The changing carrier
density in turn alters the gain and refractive index experienced by the pulse; this en-
hances the line-width of the laser and introduces dispersion to the pulse. It has been
reported that the interplay between the carrier-dependent phase change and positive
cavity dispersion could result in the formation of quasi-soliton mode-locked pulses
of the laser. This effect has been predicted by Pashotta et al. [12] using numerical
modelling for pulses greater than 1 ps in length.
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81Chapter 4
Theory of Yb-Doped Fibre Ampliﬁers
Ytterbium doped optical ﬁbre ampliﬁers allow for the scaling of a low power source
emitting near 1 mm to high average powers. As the ampliﬁer is also pumped near
1 mm, such ampliﬁers are very efﬁcient; nearly 80 % efﬁciency being achievable. In
the case of a double-clad ﬁbre, the ampliﬁer acts as a brightness converter, allowing
for the high average power of a low brightness cw source characterised by a large M2
to be converted into a pulsed signal with high beam quality (low M2). The ampliﬁed
signal will have pulse properties governed not only by the seed source but by the
properties of the ampliﬁer itself. The ampliﬁer can be designed to preserve the prop-
erties of the input pulse in techniques such as chirped pulse ampliﬁcation. Alterna-
tively, the ampliﬁer can change the phase structure, spectrum and temporal duration
of the seed pulse; this can be beneﬁcial if the right ﬁbre parameters are chosen then a
linearly chirped spectrally broadened pulse can be generated in a technique known
as parabolic ampliﬁcation.
This section aims to discuss the effects a ﬁbre ampliﬁer may have upon a propa-
gating pulse train. In section 4.1 the effects of ﬁbre structure are discussed; section
4.2 will talk about the spectroscopy of Yb-doped ﬁbres and the gain properties of
such ﬁbre while in section 4.3 material dispersion and nonlinear effects of the ﬁbre
are described. In the ﬁnal section, the technique of parabolic ampliﬁcation will be
introduced.
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4.1 Fibre Waveguides
The most basic ﬁbre waveguide comprises a length of cylindrical glass with refractive
index n1 surrounded by a cladding layer of refractive indexn2. Such a ﬁbre will guide
light provided that the condition n1 > n2 is met. This type of ﬁbre will usually have
a core diameter of less than 10 mm. The small size of the ﬁbre core is chosen to ensure
that only the fundamental mode of the ﬁbre may propagate inside of the core. This is
done to give the highest quality output beam with M2 values as low as 1.1, where [1]
w0q0 = M2 l
p
. (4.1)
Here w0 is the beam waist, q0 is the divergence, l is the wavelength of the transmitted
light and a value of M2 = 1 corresponds to a diffraction limited beam. The cladding
diameter is chosen to be large enough to conﬁne the core mode which falls off expo-
nentially inside of the cladding; a typical cladding diameter would be 125 mm.
In order to couple a light source into an optical ﬁbre efﬁciently it is useful to know
the brightness of the source, deﬁned as [1]
B =
P
2pA(1  cosq)

P
pA(NA2)
, (4.2)
where NA =
q
n2
1   n2
2 and the source has an area A. When coupling into the ﬁbre the
brightness of the ﬁbre can not exceed the brightness of the source, this is summarised
by the relationship [1]
pAssin2(q)  pAfNA2; (4.3)
where As is the area of the source and Af is the mode area of the ﬁbre core. Maximum
coupling efﬁciency is achieved when the brightness of the source matches the bright-
ness of the ﬁbre. In the case of a single clad ﬁbre all the light propagates inside of the
ﬁbre core which by design has a low NA of around 0.08. In the case of Yb-doped am-
pliﬁers the core is doped with ytterbium and it is necessary to couple both the pump
and seed source into the core. The gain of the ampliﬁer depends upon the amount
of pump light absorbed by the ytterbium ions. This is greatly limited as single-mode
sources with low NAs appropriate for pumping single-clad ampliﬁers are of powers
typically < 1 W.
The solution to this problem is to employ a double clad ﬁbre, where there is a sec-
ondary waveguide formed by the inner cladding, to which a high power multimode
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source can easily be coupled; this arrangement is referred to as cladding pumping [2].
An example of a double clad ﬁbre is presented in ﬁgure 4.1
Figure 4.1: Side view of a double clad Yb-doped ﬁbre. Two examples (right) of how
the symmetry of the core/inner cladding may be broken to ensure maximum overlap
of the cladding modes with the ﬁbre core.
The double-clad ﬁbre has a cylindrical core generally of less than 20 mm diameter,
which will support a small number of ﬁbre modes, typically just one. The inner
cladding is typically 125 mm in diameter and supports a larger number of modes than
the ﬁbre core. The double-clad ﬁbre is completed by coating in a low-index polymer;
this ensures conﬁnement of the inner cladding modes and allows for a larger NA of
the inner cladding. With NA typically greater than 0.4 it is easy to couple a high
power multimode source into the ﬁbre.
To ensure efﬁcient operation of an Yb-doped ﬁbre ampliﬁer it is important to max-
imise the absorption of the pump light within the ﬁbre core while allowing for uni-
form absorption/gain along the entire ﬁbre length. To achieve this, the overlap be-
tween ﬁbre core and cladding modes is maximised by breaking the cylindrical sym-
metry of the ﬁbre; for example by positioning the ﬁbre core non-centrally within the
inner cladding as in ﬁgure 4.1 bottom right, or by having a D shaped inner cladding
as in ﬁgure 4.1 top right.
The spectroscopic properties of Yb-doped glass allow for pumping over a range
of wavelengths, and will be discussed in section 4.2; for now we note that it is most
common to pump at around 915 nm or near 975 nm. There are a multitude of sources
available at these two wavelengths with powers up to several kW. For the work pre-
sented in this thesis, commercially available single-emitter ﬁbre-coupled diodes were
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used. The ﬁbreised output from each diode is in excess of 5 W, while the ﬁbre NA
and core size are chosen to closely match those of the Yb-doped ﬁbre allowing for
high coupling efﬁciencies.
There are a number of geometries available for pumping a ﬁbre ampliﬁer includ-
ing v-groove side pumping [3], side spliced ﬁbre pumping [4] and end pumping. For
the ampliﬁers described in this thesis, end pumping was chosen which allows for a
simpler launch of the pump and the signal.
4.2 Spectroscopic Properties of Yb-Doped Fibre
Ytterbium-doped ﬁbres have a broad gain bandwidth, offering ampliﬁcation in the
wavelength range 975 nm to 1200 nm. High doping levels can be achieved, enabling
large absorption and gain per unit length. A variety of pump sources can be used
at wavelengths between 860 nm and 1064 nm. The close proximity of the pump
wavelengthtotheampliﬁcationwavelengthresultsinalowquantumdefectallowing
for efﬁcient ampliﬁcation; efﬁciencies of around 80 % are possible.
Ytterbium ions embedded in a glass host have optical transitions between two
manifolds, the excited state 2F5/2 (which has 3 stark levels) and the ground state
2F7/2 which has 4 stark levels. In ﬁgure 4.2 the absorption and emission cross section
of Yb-doped germanosilicate glass is shown along with the energy level diagram.
The transitions between Stark levels are not fully resolved for an Y3+ ion in a glass
host at room temperature because of the effects of homogeneous and inhomogeneous
broadening; thesetransitionsresultintheabsorptionandemissionspectrumofﬁgure
4.2 a).
The absorption cross section (solid line) of ﬁgure 4.2 a) has three peaks in it and
the emission cross section has two peaks. The peak emission wavelength of the Yb3+
ion coincides with the peak absorption wavelength, centred at 975 nm. This peak
corresponds to transitions between the lowest energy ground state and the lowest
energy excited state labelled a) and e) in ﬁgure 4.2 b). The next strongest absorption
peak is at 915 nm, this absorption has about a third of the strength of the 975 nm
absorption, however it is considerably broader. The weakest absorption feature oc-
curs between approximately 1000 nm and 1050 nm. This peak enables the ﬁbre to be
pumped by Nd:YAG (1064 nm) and Nd:YLF (1047 nm) lasers; but also introduces a
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small, reabsorption loss for signals close to 1 mm. The weaker of the two emission
peaks occurs near 1030 nm and is considerably broader than the peak at 975 nm; it is
this peak that gives rise to gain for a VECSEL seed near 1040 nm.
(a) (b)
Figure 4.2: Absorption (solid) and emission (dotted) cross sections of Yb in ger-
manosilicate glass a), taken from [5]. Energy level diagram showing the 2F7/2 and
2F5/2 manifolds along with the stark levels b).
The pump source must be chosen so that the wavelength of the source falls wi-
thin one of the absorption peaks, it must also be at a shorter wavelength than the
seed laser; for example a 1064 nm pump laser will not generate gain at 975 nm. For
a particular seed wavelength the choice of pump wavelength will affect the gain and
the efﬁciency of a particular ﬁbre ampliﬁer. Optimum efﬁciency of an ampliﬁer oc-
curs when the residual pump power after propagating along the entire length of the
ﬁbre is just sufﬁcient to reach transparency that is there is zero gain at the end of the
ﬁbre; this transparency power is given by [5]
Ptrans =
Achnp
hp

s
(s)
21 s
(p)
12 /s
(s)
12   s
(p)
21

t
. (4.4)
Here Ac is the core area, s(s/p) is the emission/absorption cross section of the sig-
nal/pump, t is the upper state lifetime, np is the pump frequency and hp is an overlap
factor characterising the fact that some of the pump will propagate in the un-doped
cladding. The transparency power at various signal wavelengths is plotted in ﬁgure
4.3 for a number of pump wavelengths.
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Figure 4.3: Transparancy pump power versus signal wavelength for a number of
pump wavelengths taken from [5]; the data was calculated for a single clad ﬁbre.
This shows that for a signal wavelength near 1040 nm the efﬁciency of the am-
pliﬁer will be much the same when pumped at either 975 nm or 910 nm, however
pumping at shorter wavelengths near 860 nm greatly decreases the efﬁciency of the
ampliﬁer. Depending upon the pump and signal intensities within the ﬁbre core,
spontaneously emitted photons will experience gain within the ﬁbre; this process,
known as ampliﬁed spontaneous emission (ASE) has the effect of reducing the gain
experienced at the signal wavelength. The efﬁciency of pumping at 910 nm can be
reduced if signiﬁcant ampliﬁed spontaneous emission (ASE) occurs within the ﬁbre,
this is particularly a problem near 975 nm where there is a large emission cross sec-
tion. One way of avoiding ASE at 975 nm is to use longer ﬁbre lengths; this allows
for reabsorption of low wavelength signals pushing the optimum gain of the ﬁbre
towards longer wavelengths.
4.2.1 Fibre Gain
The standard rate and propagation equations for a two level system can be used to
describe the gain of an Ytterbium doped ﬁbre ampliﬁer [6], assuming that the system
is homogeneously broadened and the ﬁbre supports only the fundamental mode.
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The upper and lower excited state populations at a particular location in the ﬁbre can
be expressed as
dn2
dt
= (R12 +W12)n1   (R21 +W21 + A21)n2, (4.5)
dn1
dt
=  (R12 +W12)n1 + (R21 +W21 + A21)n2. (4.6)
It follows that the steady state excited population is given by
n2 =
R12 +W12
R12 + R21 +W12 +W21 + A21
, (4.7)
where n1 + n2 is taken to be equal to 1. In the previous expressions A21 is the spon-
taneous emission rate, the pump induced transitition rates Rij = s
p
ijIp/hnp and the
signal induced transitions Wij = ss
ijIs/hns where, s
p/s
ij is the optical cross section
for the relevent transition; Is/p is the signal/pump intensity (in W/m2). Three more
equations are needed to model the gain spectrum of the ampliﬁer; these represent the
propogation of pump (Pp), signal (Ps) and ASE (Pa) power at each position along the
ﬁbre:
dPp
dz
= hp [s21n2   s12n1] Ppr   Ppap, (4.8)
dPs
dz
= hs [s21n2   s12n1] Psr   Psas, (4.9)
dPa
dz
= hs [s21n2   s12n1] Par   Psaa + 2hss21n2rhnsDn. (4.10)
Here as/p represents internal loss of the ﬁbre for the signal and pump wavelengths
and Dn is the ampliﬁer homogeneous bandwidth for both polarization states. The
model asumes a constant transverse value for the pump, signal and excited popu-
lation level. This is reasonabley accurate, provided that overlap factors hp and hs
are used to account for the fact that some fraction of the power propagates inside
the ﬁbre cladding. The model ﬁrst assumes a steady state by setting
dPp
dz = 0, then
the propagation equations, 4.5, 4.8, 4.9 and 4.10 are solved using standard numeri-
cal techniques to obtain the inversion fraction at each point along the ﬁbre. In this
model the light in the ﬁbre is considered as a set of discrete spectral components, of
bandwidth Dnk centred at a frequency nk. The bandwidth Dnk is the frequency reso-
lution of the model thus a broad bandwidth signal will be made up of many different
frequency components.
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4.3 Wave Propagation in Silica Fibre
The aim of this section is to discuss the propagation of an ultra-short pulse within
a length of silica ﬁbre. The pulse will induce a polarization of the atoms within the
ﬁbre, which in turn will effect the propagation of the pulse. It will be shown that
the polarization has both linear and nonlinear dependence upon the E-ﬁeld of the
pulse. Maxwell’s equations will be used to derive the nonlinear Schrdinger equation
describing wave propagation in optical ﬁbre. It will then be shown how both linear
and nonlinear polarizations affect the shape of the pulse.
4.3.1 The basic wave equation
Maxwell’s equations are presented in Eq(4.11 - 4.14) along with the constitutive rela-
tions (4.15 and 4.16).
r  D = P, (4.11)
r  B = 0, (4.12)
r  E =  
¶B
¶t
, (4.13)
r  H = J +
¶D
¶t
, (4.14)
where D is the electric displacement, B is the magnetic ﬂux density, E is the electric
ﬁeld strength and H is the magnetic ﬁeld strength. The constitutive relations relate
the quantities D and B to E and H, they are:
D = e0E + P, (4.15)
B = m0H + M, (4.16)
where e0 is the vacuum permittivity, m0 is the vacuum permeability, P and M are
the induced electric and magnetic polarizations. Since optical ﬁbre is a nonmagnetic
medium, M is equal to zero. By taking the curl of equation (4.13) and using equations
4.14, 4.15 and 4.16 it is possible to derive the wave equation
r  r  E =  
1
c2
¶2E
¶t2   m0
¶2P
¶t2 , (4.17)
where c is the speed of light in vacuum equal to 1/
p
e0m0. For a complete description
it is necessary to relate the induced polarization P to the electric ﬁeld E, in general
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such an evaluation requires a quantum mechanical approach. However in the wave-
length range of interest 0.5 - 2 mm, silica ﬁbre is far from its material resonance and a
phenomenological description of the polarization is valid [7],page :
P = e0

c(1)  E + c(2)  E2 + c(3)  E3

. (4.18)
The linear susceptibility c(1) is the dominant term in equation 4.18. The second or-
der term c(2) is responsible for effects such as second harmonic generation, however
it is zero for materials such as silica ﬁbre that have an inversion symmetry. Hence
most of the nonlinear effects in optical ﬁbre depend solely upon c(3). This term is
responsible for third harmonic generation, four-wave mixing and nonlinear refrac-
tion. Third harmonic generation and four-wave mixing will generate new frequency
components of a propagating pulse, however to have efﬁcient conversion requires
special care to ensure phase matching; hence in the following only the effects arising
from the nonlinear refractive index will be considered.
The induced polarization consists of a linear and nonlinear component
P(r,t) = PL(r,t) + PNL(r,t), (4.19)
where
PL(r,t) = e0
Z +¥
 ¥
c(1)(t   t0)  E(r,t0)dt0 (4.20)
PNL(r,t) = e0
Z Z Z +¥
 ¥
c(3)(t t1,t t2,t t3)
. . .E(t t1)E(t t2)E(t t3)dt1dt2dt3.
(4.21)
These expressions are valid in the electric-dipole approximation and assume that the
medium response is local. Using the expression r  r = r  (rE)   r2E =  r2E
we rewrite equation 4.17 as
r2E  
1
c2
¶2E
¶t2 = m0
¶2PL
¶t2 + m0
¶2PNL
¶t2 . (4.22)
Inthenexttwosectionsthisequationwillbeusedtoconsiderthelinearandnonlinear
effects upon the shape of a pulse propagating in a length of ﬁbre.
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4.3.2 Fibre Modes
By setting PNL in equation 4.22 equal to zero, we can study the linear effects of pulse
propagation. These basically arise from the dispersive nature of the optical medium.
It is useful to work in the frequency domain while doing this analysis; so we start by
taking the Fourier transform of equation 4.22
r2 ˜ E(r,w) + n2(w)
w2
c2
˜ E(r,w) = 0, (4.23)
Where ˜ E(r,w) is the Fourier transform of E(r,t). The frequency-dependent dielectric
constant e(w) has been replaced by n2(w); this amounts to ignoring the effect of
optical loss within the ﬁbre. Loss will be included later as a perturbation. The term
n2(w) is described by the Sellmeier equation [7],
n2(w) = 1+
m
å
j=1
Bjw2
j
w2
j   w2, (4.24)
where wj is a resonance frequency, Bj is the strength of the jth resonance and the sum
extends over all material resonances that contribute to the frequency range under
scrutiny.
It can be shown that equation 4.23 has a general solution of the form
˜ Ez(r,w) = A(w)F(r)exp(imf)exp(ibz), (4.25)
where A(w) is a normalisation constant, b is the propagation constant, m is an integer
and F(r) is the solution of
d2F
dr2 +
1
r
dF
dr
+

n2k2
0   b2  
m2
r2

F = 0. (4.26)
The propagation constant b is obtained by solving the eigenvalue equation [7]

J0
m (ka)
kJm (ka)
+
K0
m (ga)
gKm (ga)
"
J0
m (ka)
kJm (ka)
+
n2
2
n2
1
K0
m (ga)
gKm (ga)
#
=
 
mbk0
 
n2
1   n2
2

an1k2g2
!
. (4.27)
For each value of the integer m there is generally more than one solution to the eigen-
value equation. Each solution gives a different value of b corresponding to a dif-
ferent mode of the ﬁbre. The corresponding modal ﬁeld distribution is given by
equation 4.25. The propagation constant is responsible for linear dispersion within
an optical ﬁbre and is often expressed as a Taylor expansion about w0
b(w0) = b0 + (w   w0)b1 +
1
2
(w   w0)2b2 +
1
6
(w   w0)3b3; (4.28)
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where
bm =

dmb
dwm

w=w0
. (4.29)
It should be noted that the different modes of the ﬁbre will experience different
values of optical gain as well as dispersion when the ﬁbre is used as an ampliﬁer. It
is thus desirable to operate the ampliﬁer in a single mode. The condition for single
mode operation of a ﬁbre is that the ﬁbre V number be less that 2.405, where
V = k0a

n2
1   n2
2
1
2
. (4.30)
Here the term a is the radius of the ﬁbre core and n1 (n2) is the refractive index of the
ﬁbre core (cladding). The fundamental ﬁbre mode can be approximated by
˜ E(r,w) = ˆ x[A(w)F(x,y)exp(ib(w)z)]. (4.31)
The transverse distribution of the ﬁeld inside of the core is given by
F(x,y) = J0(kr),r  a. (4.32)
This falls off exponentially inside the cladding;
F(x,y) =

a
r
1
2
J0(ka)exp[ g(r   a)],r  a, (4.33)
where r = (x2 + y2)
1
2 is the radial distance, k = (n2
1k0   b2)
1
2, g = (b2   n2
2k0) and J0
is the Bessel function. As a result of the fundamental mode not being zero inside the
ﬁbre cladding a propagating pulse will see a refractive index that has a component
due to the cladding; this effect is known as waveguide dispersion.
4.3.3 Nonlinear Schr¨ odinger Equation
Pulse propogation including nonlinear effects is described by the following equa-
tion [7]
¶A
¶Z
+
a
2
A +
ib2
2
¶2A
¶T2  
b3
6
¶3A
¶T3 = ig
 
jAj
2 A +
i
w0
¶
¶T
(jAj
2 A)   TRA
¶jAj
2
¶T
!
.
(4.34)
This equation is the nonlinear Schr¨ odinger equation (NLS) , its solutions describe
the propagation of light through optical ﬁbre. The term Z is longitudinal position
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within the ﬁbre and T is time. The term A is the pulse amplitude normalised such
that jAj
2 represents the optical power. The linear loss of the ﬁbre is described by the
absorption coefﬁcient a. Nonlinearities appear on the right hand side of equation
4.34 where the constant TR can be related to the slope of the Raman gain spectrum
and g = n2w0/cAef f. The term Aef f is the effective area of the ﬁbre mode given by
Aef f =
R R +¥
 ¥ jF(x,y)j
2 dxdy
2
R R +¥
 ¥ jF(x,y)j
4 dxdy
, (4.35)
while n2 is the intensity dependent refractive index given by
n2 =
3
8n
Re(c3
xxxx). (4.36)
A pulse entering a length of optical ﬁbre will experience a number of effects, causing
its shape to change in the time and frequency domains depending upon the relative
strengths of the terms in equation 4.34. These effects are discussed in the next two
sections.
4.3.4 Linear Propagation
The different frequency components of an optical pulse propagating within a length
of optical ﬁbre will propagate at different velocities due to the dispersive nature of
the glass. Dispersion is accounted for by the b2 and b3 terms in equation 4.34. The
b2 term gives rise to group velocity dispersion (GVD). This will cause a change in
phase of the spectral components of the pulse; it does not affect the spectrum of the
pulse, but does alter the pulse duration. The change in pulse length depends upon
the initial pulse duration T0 and the propagation length. In the case of a Gaussian
pulse, the pulse length after propagating a distance z along an optical ﬁbre is
T1(z) = T0
2
41+
 
zjb2j
T2
0
!23
5
1
2
. (4.37)
The pulse with increased temporal duration is now said to be linearly chirped; being
upchirped if b2 is positive and down if b2 is negative. The relation in equation 4.37
assumed that the pulse T0 was unchirped. If it had, for example, been upchirped by
passing through a length of ﬁbre with b2 = + a, it would then be compressed in time,
back to its original duration by passing through an equal length of ﬁbre with b2 = - a;
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this technique is referred to as dispersion compensation. At 1 mm the ﬁbre introduces
negative dispersion to the pulse.
The b3 term is generally much weaker than the b2 term. It gives rise to third order
dispersion (TOD), which will again distort the pulse in the time domain. This distor-
tion causes the pulse to become asymmetric in the time domain with an oscillatory
structure near one of its edges; this will be the trailing (leading) edge for positive
(negative) b3.
4.3.5 Nonlinear Propagation
Under intense excitation by an electric ﬁeld the induced polarisation will have a non-
linear response and the g term in equation 4.34 will be nonzero. The nonlinear ef-
fects that arise in optical ﬁbre can be divided into two categories. The ﬁrst set of
effects are elastic, thus energy is not exchanged between the pulse and the atoms of
the ﬁbre. Such effects include self-phase-modulation (SPM), cross-phase-modulation
(XPM) and third harmonic generation and four-wave mixing. For the ﬁbre ampliﬁers
described in this thesis the only elastic effect that need be considered is SPM.
SPM arises as a result of the intensity dependence of refractive index. It intro-
duces an intensity-dependent phase shift to an optical pulse. This phase shift in turn
introduces new spectral components to the pulse. The magnitude of the spectral
broadening increases with propagation length. The resulting spectrum is broader
with an oscillatory structure covering the entire frequency range. These oscillations
arisebecause thechirpinducedby theSPM (
df
dt ) varieslinearlyacross thepulseit will
in general have the same value at two points across the pulse. At these two points the
pulse will have the same instantaneous frequency. It is the interaction of these two
points that creates the oscillatory nature of the SPM broadened spectra, examples of
which are depicted in ﬁgure 4.4 for different sized phase shifts.
The second class of nonlinear effects involve inelastic scattering, where energy is
exchanged between the dielectric lattice and the electric ﬁeld of the pulse in the form
of phonons. Two such effects are stimulated Raman scattering (SRS) and stimulated
Brillouin scattering (SBS); the latter is not considered in this thesis as it only has a
large gain for very narrow excitation bandwidths. An optical wave travelling along
a length of ﬁbre can act as a pump source for the SRS. The effect removes a fraction of
the light (approximately 10 6) from the pump at a frequency wp and creates a Stokes
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Figure 4.4: SPM-broadend spectra for an unchirped Gaussian pulse taken fron [7].
Spectra are labeled, showing the maximum nonlinear phase shift fmax.
wave at another frequency ws. The effect has a gain bandwidth gR(W) of around
40 THz depending upon the exact composition of the ﬁbre core. The new frequency
ws = wp  W is created by exchanging a phonon between a pump photon and
the ﬁbre lattice, where the energy of the phonon satisﬁes the equation ¯ hn. The new
wave is referred to as a Stokes (anti-Stokes) if the pump photon looses (gains) energy
in the interaction. The anti-Stokes wave is rarely observed in optical ﬁbre as the
Stokes wave has a much higher gain; the latter will propagate in the same direction
as the pump wave. For the ﬁbre ampliﬁer conﬁgurations discussed in this thesis, the
parasitic loss associated with SRS will be insigniﬁcant compared to the effect of ASE.
4.4 Parabolic Ampliﬁcation
When designing a ﬁbre ampliﬁer it is important to consider the relative size of the
various dispersive effects of the ﬁbre. This can be done by deﬁning two length scales
over which the pulse must propagate before the linear and nonlinear dispersive ef-
fects become signiﬁcant,
LD =
T2
0
b2, (4.38)
LNL =
1
gP0
. (4.39)
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Where P0 is the peak power of the pulse at the start of the ﬁbre. For ﬁber lengths
greater than LD linear dispersive effects become important, while LNL is the mini-
mum length of ﬁbre required for nonlinear effects to become important.
In the following chapters two regimes of ampliﬁcation will be demonstrated, in
chapter 5 an ampliﬁer is designed so that the ﬁbre length L  LD and L  LNL; in
this regime the nonlinear effects are negligible and only linear dispersion will affect
the pulse. In chapter 6 a second regime is considered where the ﬁbre length is greater
than both LD and LNL, it is the aim of this section to demonstrate that under the
correct operating conditions the linear dispersion and nonlinear effects of the ﬁbre
cooperate to produce a spectrally broadened linearly chirped ampliﬁed pulse; this
technique is referred to as parabolic ampliﬁcation.
Parabolic pulse propagation has been demonstrated in normal ﬁbre without gain,
in ﬁbre ampliﬁers [8,9] and in ﬁbre lasers [10]. After propagating along a length of
normally dispersive ﬁbre the pulse will have evolved to have a parabolic intensity
proﬁle, this proﬁle has been demonstrated to be maintained after propagating in ad-
ditional lengths of normally dispersive ﬁbre without gain [11]. The length of ﬁbre
required to reach the parabolic regime depends upon the peak power of the input
pulse and the ﬁbre parameters gain (g), b2, and g; the form of the gain proﬁle has
been shown to determine the scaling of the pulse as it propagates [12].
Kruglov et al. have used self-similarity analysis of the nonlinear Schr¨ odinger
equation to derive equations for designing a ﬁbre ampliﬁer to produce parabolic
pulses [13]. To achieve this Kruglov et al. ﬁrst reduce the number of degrees of
freedom by rewriting the nonlinear Schr¨ odinger equation in terms of the following
variables:
A(z,T) = f(z)F(z,T) = f(z)F(J), (4.40)
F(z,T) = j(z) + C(z)T2, (4.41)
J = f2(z)exp( gz)T. (4.42)
(4.43)
Solutions to the NLS of the form Y(z,T) = A(z,T)exp[iF(z,T)] may then be found in
the limit z ! ¥. In the above equations the term f(z) describes the evolution of the
peak amplitude of the pulse with propagation distance and has the same dimensions
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as Y(z,T). F(J) is a normalised, dimensionless function that describes the temporal
proﬁle of the pulse. The phase term F(z,T) contains the z-dependent phase offset
j(z) and chirp parameter C(z). The term J is the self-similarity variable [13] where g
is the gain of the ﬁbre.
For a particular ﬁbre ampliﬁer where g, b2, and g are ﬁxed, the rate at which an
input pulse evolves towards the parabolic regime will depend upon the peak power
oftheinputpulsealone; thereexistsanoptimumpulselengthforthefastestevolution
into the parabolic regime given by
T0 =
6
p
gb2/2A0
g
, (4.44)
where
A0 =
1
2
 
gUin p
gb2/2
!
(4.45)
IntheaboveequationUin istheinitialpulseenergybeforeenteringtheﬁbreampliﬁer.
If this pulse duration is unobtainable then it is still possible to optimise the evolution
by altering the pulse energy, the optimum pulse energy for ﬁxed pulse duration is
given by
U
opt
in =
2T3
0g2
27gb2
. (4.46)
Kruglov et al. have also derived an equation for the characteristic length required to
reach the parabolic regime within a particular ﬁbre ampliﬁer:
zc(N) =
3
2g
ln
 
Ng
6jgj A2
0
!
. (4.47)
Here the pulse is thought to be close to the parabolic regime at z  zc(N) for large
values of N. It is reported in [13] that ”simulations indicate pulse propogation well
into the parabolic regime for values of N > 100”, where N2 = GjT=0 and
G =
 gF2 
   
b2
2F
d2F
dJ2 f2exp( 2gz)
   
(4.48)
The above expression appears in [13] to justify the simpliﬁcations used to derive
equations 4.44 - 4.47 and will not be discussed any further in this thesis.
In designing an ampliﬁer to operate in the parabolic regime the ﬁbre length must
be made greater than zc and the seed pulse should be adjusted to be as close as pos-
sible to the optimum pulse energy/duration. Finally we note that the output power
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of existing ampliﬁers operating in the parabolic regime has been limited to tens of
watts, due to the ﬁnite gain bandwidth of Yb-doped ampliﬁers.
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99Chapter 5
High Repetition Rate Ytterbium Doped
Fibre Ampliﬁer
In this section the ampliﬁcation of VECSEL pulses is demonstrated in single stage
Yb-doped ﬁbre ampliﬁers. The ampliﬁer has been designed to minimise the effects
of material and nonlinear dispersion upon the pulse train, preserving the desirable
properties of the VECSEL including pulse length, while increasing the average power
of the pulse train to over 1.5 W.
5.1 High Repetition Rate Laser Sources
Increasing the repetition rate of a laser source has the seemingly undesirable effect
of reducing the peak power of the laser pulse. However, there are applications that
beneﬁt from a high repetition rate source; the term high repetition rate is confusingly
used in the literature to refer to sources operating from 100 KHz to in excess of 1 THz.
Oneapplicationthatbeneﬁtsfromahighrepetitionrate, isthermallyinducingoptical
changes in glasses. In this application a pulsed source is focussed within the glass
and nonlinear absorption used to produce localised heating; the energy absorbed per
pulse thus depends upon peak power, while the rate of thermal heating depends
upon repetition rate. This technique has been demonstrated at up to 25 MHz with
5 nJ pulses [1]. However, the beneﬁt of increasing the repetition rate to the GHz
regime has not been investigated.
At a repetition rate of about 0.3 GHz, the cavity round trip time of the VECSEL is
of the same order as the lifetime of the quantum well gain making any further reduc-
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tion in repetition rate difﬁcult. The remainder of this section will thus concentrate
on sources for applications requiring multi GHz repetition rates. Possible applica-
tions include the pumping of parametric ampliﬁers [2], optical clocking of integrated
circuits [3], generating frequency combs [4] and optical sampling [5].
The highest repetition rates for a solid state laser have been achieved with the
Nd:YVO4 laser, which has been used to generate pulses with duration 2.7 ps, centred
around1064nm, atarepetitionrateof157GHz[6]. At156GHzthefreespectralrange
of the cavity is equal to 60 % of the FWHM gain bandwidth of the crystal; thus setting
anupperlimittotherepetitionrateofsuchlasers. Nd:YVO4 laserscanoperateathigh
powers; for example 2.1 W has been demonstrated at 10.3 GHz [6]. The pulse length
ofsuchlasersislimitedtoaround1psandistypicallymuchlonger. Anotherproblem
arises at high repetition rates, to avoid the laser’s susceptibility to Q-switched mode-
locking it is necessary to keep the mode area within the gain as small as possible.
This means that the pump source must have a high beam quality to pump the laser,
the highest repetition rates have thus been achieved using a Ti:sapphire laser as the
pump source.
OPO conversion of a Nd:YVO4 source operating at 81.8 GHz from 1064 nm to
1569nmhasbeendemonstrated[7]. Thissourcewastuneablefrom1541.4to1592.2nm.
In this work it was ﬁrst, necessary to increase the output power using an Yb-doped
ﬁbre ampliﬁer. This technique could be employed with VECSELS operating around
1 mm to gain access to telecoms wavelengths.
Shorter pulse lengths and broader bandwidths are obtainable with other solid
state lasers. An 80-fs pulse train at 4 GHz repetition rate, has been demonstrated us-
ing a Cr4+:YAG laser [8] operating near 1.5 mm; however, the mode-locking was not
self starting. The Ti:sapphire laser has the broadest gain bandwidth of any solid state
laser and has produced the shortest pulses. Operation of Ti:sapphire laser at GHz
repetition rates is of particular interest for generating frequency combs, where pulses
with an octave-spanning bandwidth are required. The higher repetition rate makes
the frequency modes more easily resolvable, as each mode has more energy and there
will be a greater spacing in frequency between modes. Ti:sapphire lasers have been
demonstrated at 1 GHz [9] with an octave spanning bandwidth directly from the
oscillator and average power of 900 mW. The highest repetition rate achieved with a
Ti:sapphire has been 10 GHz [10] at an average power of 1 W; however, this source re-
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quired spectral broadening inside a photonic crystal ﬁbre to reach an octave in band-
width.
The sources presented so far have all been fundamentally mode-locked, harmonic
mode locking is an alternative approach to achieving high repetition rates. This tech-
nique is commonly employed in ﬁbre lasers where the fundamental repetition rate of
the laser is limited to a few hundred MHz. Harmonic mode locking exploits the fact
that ﬁbre lasers will produce multiple pulses when pumped above a certain thresh-
old. When these pulses are equally spaced, the laser is said to be harmonically mode
locked. The repetition rate of such a laser is equal to the number of pulses inside the
ﬁbre times the free spectral range of the cavity.
Passiveharmonicmodelockinghasbeenusedtoproducetransformlimited500fs
pulses with an Yb-doped ﬁbre laser at a repetition rate of 1.5 GHz [11]. This source
had a relatively large pulse-to-pulse timing jitter of 6 ps. Harmonic mode locking
can also be exploited in actively mode-locked lasers. An active harmonically mode-
locked, erbium doped ﬁbre laser has been demonstrated with a repetition rate of up
to 200 GHz [12]. Harmonically mode-locked ﬁbre lasers are prone to pulse drop out
and produce spectra with additional features such as sidebands [13]. The highest rep-
etition rates have been achieved with harmonically mode-locked Distributed-Bragg-
Reﬂector (DBR) lasers. Up to 1.54 THz has been generated with sub picosecond pulse
duration [14]; however the average power was limited to about 15 mW and the pulse
spectrum was not as smooth as those obtained with a VECSEL.
The combination of VECSEL and YDFA offers a compact, cheap source of sub pi-
cosecond pulses over the wavelength range 1 - 1.1 mm, with high average powers
and at high repetition rates. High power VECSEL YDFAs have been demonstrated
by P.Dupriez et.al [15] at repetition rates of 1 GHz. In this work, pulses from two dif-
ferent VECSELs were ampliﬁed in cascaded ytterbium doped ﬁbre ampliﬁers. Am-
pliﬁcation was demonstrated in an SPM dominated regime producing over 200 W
of average power and in the parabolic pulse regime with an average power of 52 W.
Pulses produced in the parabolic regime had a linear chirp enabling compression
down to 110 fs. The demonstration of these techniques in simpler, single stage ampli-
ﬁers at higher repetition rates would provide an alternative to the sources discussed
in this section.
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5.2 Design of the VECSEL Seed
Two different VECSELs were used as seed lasers in these experiments with repetition
rates of 1 GHz and 6 GHz. In both the 1 GHz and the 6 GHz lasers the gain chips were
pieces taken from the same wafer of QT1544 and the SESAMs were pieces of QT1627;
the structure of both the gain and the SESAM have been discussed in section 2.2.
The design considerations and performance of the 1 GHz z-cavity have already been
discussed in chapter 2. In this section I will describe the construction of a 6 GHz v-
cavity as such cavities have been used with VECSELs up to repetition rates of 50 GHz
[16]. In ﬁgure 5.1 the arrangement of the 6 GHz cavity is shown.
Figure 5.1: A 6 GHz v-cavity. OC: 25 mm radius of curvature output coupler; X: is a
variable separation between SESAM and gain chip.
In this cavity the gain chip acts as a turning mirror enabling a double pass upon
the gain, while the SESAM acts as an end mirror. The gain chip was angle polished
before being bonded, with silver paint, to a water-cooled copper heat sink. Tem-
perature tuning of the laser’s peak gain wavelength was enabled by controlling the
temperature of the heat sink, using a Peltier. The SESAM was bonded to a separate
copper heat-sink; the temperature of this heat-sink was not actively controlled. An
830 nm ﬁbre coupled pump diode was used to pump the gain chip providing up to
1.3 W in a 60 mm radius spot.
The total length of the cavity was less than 25 mm. The output coupler was po-
sitioned approximately 23 mm away from the gain chip allowing for a cavity mode
of approximately 60 mm upon the gain, matching the size of the pump spot. Both the
gain and the SESAM were mounted upon x,y,z stages, this allowed for different re-
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gions of the gain to be pumped by translating the gain (without changing the cavity
length), while the separation labelled ’x’ between the SESAM and the gain chip could
be adjusted for stable mode locking. To achieve stable mode locking it is necessary to
satisfy the condition in equation 2.13:
Esat,a
Esat,g
=
Fsat,aAa
Fsat,gAg
<< 1. (5.1)
To this end the cavities are aligned such that the cavity mode forms an approximately
60 mm radius spot upon the gain and a smaller spot < 15 mm radius upon the SESAM.
The dependence of the cavity mode size upon the relative positions of gain chip
and SESAM is shown in ﬁgure 5.2a and 5.2b as functions of ’x’ and the total cavity
lengthrespectively. Thetwoshadedareasareregionsofstabilityoverwhichequation
5.1 is satisﬁed and mode matching with the pump spot is sufﬁcient for lasing. It can
be seen that the length of the cavity can be changed over a range < 0.02 mm. This
combined with the short length of the cavity makes the 6 GHz laser more sensitive to
small changes in cavity length than the 1 GHz cavity where equation 5.1 is satisﬁed
fortranslationsoftheSESAMoveralengthrangeofapproximately2mm. Theoutput
characteristics of this source will be discussed later along with those of the 1 GHz
laser.
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(a)
(b)
Figure 5.2: Stability curves for the 6 GHz cavity. (a) Cavity mode upon the gain for
a ﬁxed cavity length 24.99 mm as a function of X, (b) cavity waist upon SESAM as a
function of the total cavity length.
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5.3 Ampliﬁer Design
The ampliﬁer system described in this work allows for the average power of a Stark-
effect-mode-locked VECSEL to be increased from around 40 mW to over 1.5 W while
maintaining the good pulse characteristics of the VECSEL, including pulse length.
To do this a short length of ﬁbre was used to reduce the effect of material dispersion
upon the temporal length of the ampliﬁed pulses. The ﬁbre had a relatively large 20
mm core, which reduces the peak power within the ﬁbre core and helps to suppress
unwanted nonlinear effects such as self phase modulation (SPM). The large core in-
creases the overlap with the cladding modes and enables more ytterbium ions to be
incorporated into the ﬁbre; this increases the gain of the ampliﬁer, allowing for a re-
duction in GDD by using shorter lengths of ﬁbre. The ﬁbre had a V-number of 4.23
at 1040 nm; to ensure operation in a single spatial mode a bend radius of 20 cm was
introduced into the ﬁbre. The arrangement of the ampliﬁer can be seen in ﬁgure 5.3.
Figure 5.3: Arrangement of the ﬁbre ampliﬁer. DM: dichroic mirror, rﬂects at 915 nm
and transmitting around 1040 nm; L1 and L3: focal length 4.5 mm lenses with 0.45
NA; L2: focal length 8 mm lens with 0.5 NA; LD: 5.5 W laser diode for pumping of
the ﬁbre at 915 nm.
The ﬁbre had a 20 mm cylindrical core with a low NA of 0.07. The inner glass
cladding had a diameter of 125 mm and NA > 0.46. The inner cladding was octagonal
shaped to ensure maximum overlap of the cladding modes with the ﬁbre core. A 245
mm thick low index polymer coating (not shown in ﬁgure 5.3) ensured conﬁnement
of the cladding modes while protecting the ﬁbre from damage. The ampliﬁer was
cladding pumped by a 5 W ﬁbre coupled diode emitting around 915 nm. In the
arrangement of ﬁgure 5.3 between 4 and 5.2 W of pump light was incident upon the
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end of the ﬁbre as the dichroic mirror was less than 95 % reﬂective at 915 nm; it had
a 90 % transmission around 1040 nm.
An important parameter affecting the operation of a ﬁbre ampliﬁer is the coupling
efﬁciency of the pump and the seed into the ﬁbre. The ﬁbre output of the pump diode
had a diameter of 100 mm and NA of 0.2, it was thus estimated from equation 3.3
that the maximum obtainable coupling efﬁciency of the pump into the ﬁbre cladding
should be close to 100 % while it should be around 1 % for the seed into the ﬁbre core.
These values were however lower in practice due to overﬁlling of the lenses.
Two techniques were employed to estimate the maximum power obtainable from
the ﬁbre ampliﬁer; the output of the ﬁbre could be modelled for different incident
pump and seed powers using free software provided with the ﬁbre (Liekki appli-
cation designer 3.2). The modelling results can be seen in ﬁgure 5.4. The software
assumes that 100 % of the pump/seed is coupled into the ﬁbre. The user speciﬁes
the type of Liekki ﬁbre being used along with the ampliﬁer conﬁguration including
pump/cw-seedwavelengthsandintensities. Theprogramthenreturnspowervalues
for ASE, residual pump and ampliﬁed signal for both ends of the ﬁbre. In ﬁgure 5.4
a) the output power of a 2.2 m length of Liekki ﬁbre has been calculated for various
cw-seed powers at 1042 nm, with a constant pump power coupled into the ﬁbre of 4
W; the seed source is assumed to be monochromatic. In ﬁgure 5.4 b) the pump power
has been varied between 3 and 10 W for three different seed powers coupled into the
ﬁbre. The two graphs show that for the available pump and seed powers we should
expect to get between 1.1 and 2 W of average power after ampliﬁcation.
The second technique employed to estimate the power obtainable with the am-
pliﬁer setup of ﬁgure 5.3 was to create a ﬁbre laser from 2.3 m of Liekki ﬁbre. The
conﬁguration of the ﬁbre laser was the same as for the ampliﬁer, ﬁgure 5.3, with no
seed light coupled into the ﬁbre. Feedback was provided by the partial reﬂections
at the two, plane cleaved, ends of the ﬁbre. The total output from both ends of this
ﬁbre with 4 W of incident pump was measured to be 1.7 W, this includes the resid-
ual pump power measured to be around 300 mW. From this we estimate that the
ﬁbre ampliﬁer should operate at around 1.4 W. After this measurement the laser was
converted to an ampliﬁer by angle cleaving the input end of the ﬁbre.
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(a)
(b)
Figure 5.4: Liekki modelling results of a 2.2 m long ﬁbre ampliﬁer with cw seed at
1042 nm. (a) constant pump of 4 W, (b) variable pump for three ﬁxed seed powers of
0.2, 1 and 3 mW. All powers are those coupled into the ﬁbre (not the incident power).
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Two spectra of the output from one end of the ﬁbre laser are shown in ﬁgure 5.5,
withthelaseroperatingjustbelowandslightlyabovethreshold. Thepeakofthelaser
wavelength corresponds to the peak gain of the ﬁbre and is at 1037.5 nm. In order
to reduce competition between lasing close to 1037.5 nm and ampliﬁcation around
1045 nm, the ﬁbre was angle cleaved at the input end of the seed; this greatly raises
the laser threshold of the ﬁbre increasing the efﬁciency of ampliﬁcation.
Finally, an optical isolator was used between the VECSEL and the ampliﬁer to
prevent any light from the ampliﬁer coupling into the VECSEL; this feedback was
observed to be sufﬁcient to disturb the stable mode-locking of the VECSEL despite
the high-Q of the cavity.
Figure 5.5: Laser spectra for 2.3 m of large core Yb-doped ﬁbre for two different pump
powers: 1.81 W (black curve) ﬁbre lasing just above threshold, centre wavelength is
1037.5 nm; 1.76 W (red curve) showing only the ASE as the ﬁbre is just below the
laser threshold.
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5.4 Fibre Ampliﬁer Output Characteristics with a 1 GHz
Seed
In order to characterise the effect of ampliﬁcation upon the VECSEL pulse train, spec-
tra and autocorrelations of the pulse train were recorded before and after the ﬁbre;
the average power of the seed and ampliﬁed pulse train was also measured. The 1
GHz seed operated with a threshold of 640 mW and had an average power, measured
after the isolator, of 20 mW when pumped with 1.3 W. The pulse train was centred at
1042.3 nm with a bandwidth of 3.2 nm, measured as the full width at half maxima of
the spectrum in ﬁgure 5.6 a).
The spectrum before ampliﬁcation was slightly asymmetric with a tailing edge
towards longer wavelengths. The modulations in the spectra are evenly spaced and
can be attributed to reﬂections from the back of the gain chip; these modulations
can be removed by angle polishing the substrate of the gain chip, so that any light
reﬂected from the substrate will not be coupled back into the cavity mode. This was
not attempted with the 1 GHz chip but is demonstrated in the next section with the
6 GHz laser. The pulse train had a temporal duration of 460 fs, this means that the
pulses before ampliﬁcation were 1.29 times transform limited; this assumes a sech
squared ﬁt to the autocorrelation in ﬁgure 5.6 b).
After ampliﬁcation the average power of the pulse train had increased to 1.61
W, this number includes some ASE. The ampliﬁed spectrum, ﬁgure 5.6 c), shows a
decrease in bandwidth of 0.17 nm, the centre wavelength has also shifted to a shorter
wavelength of 1041.51 nm, while the overall shape of the spectrum is the same as
before ampliﬁcation including the modulations from the substrate reﬂections. Using
the spectrum in ﬁgure 5.6 e) it is estimated that the ampliﬁed pulse train accounts
for more than 98.8 % of the power measured after ampliﬁcation; the residual ASE
contributing less than 19.32 mW to the measured power.
The temporal width of the ampliﬁed pulse train has increased slightly to 510 fs,
this is assuming a sech squared ﬁt to the autocorrelation in ﬁgure d). The ampliﬁed
pulse train has a feature present either side of the main peak in the autocorrelation;
these wings are also present with the seed source and can be seen more clearly in
ﬁgure 5.6 d), from which it is estimated that less than 5 % of the pulse energy is in
these wings.
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Figure 5.6: Ampliﬁer results with a 1 GHz VECSEL seed: (a) seed spectrum; (b) au-
tocorrelation of VECSEL seed including a sech2 ﬁt; (c) ampliﬁed spectrum; (d) au-
tocorrelation of ampliﬁed pulse train; (e) log plot of ampliﬁed spectrum showing
residual ASE. The modulations present in both the ampliﬁed and seed spectra are
due to substrate reﬂections within the VECSEL.
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Summarising these results, the average power of the 1 GHz pulse train has been
increased by 19 dB while maintaining the pulse shape in the time and frequency
domain; this suggests the absence of nonlinearities and higher order dispersion. The
ampliﬁedpulseenergywas1.59nJandthepeakpowerwas2744W.Thetime-bandw-
idth product of the pulse train increased despite a reduction in spectral bandwidth.
The reduced bandwidth is caused by gain ﬁltering, while the increased chirp can be
attributed to linear material dispersion.
If any spectral changes to the pulse caused by ampliﬁcation are ignored, it is pos-
sible to estimate the amount of material dispersion experienced by the pulse in the
following way. We assume that the seed pulse is initially linearly chirped and that
this chirp arose from passing through a material of length z, which has the same
value of jb2j as the ﬁbre. In this way we should be able to obtain two values for the
possible GVD of the ﬁbre depending upon the initial sign of the chirp of the pulse. If
b2 is positive before ampliﬁcation, then the pulse will be compressed as it propagates
along the ﬁbre which has a negative b2 until it reaches its transform limited duration
after a distance equal to z; from this point onwards the pulse will start to lengthen in
time. However, if b2 is negative before ampliﬁcation then the pulse will continue to
lengthen in time along the entire length of the ﬁbre.
Using equation 4.37, two expressions are obtained for the length of a transform
limited pulse T0 after passing through a length of material of thickness z or L  z.
T2
1 = T2
0
"
1+

z
LD
2#
, (5.2)
T2
2 = T2
0
"
1+

L  z
LD
2#
. (5.3)
Here L is the ﬁbre length equal to 2.2 m, T1 is the initial length of the seed pulse, T2
is the length of the ampliﬁed pulse train, LD = T2
0/jb2j and T0 is the bandwidth lim-
ited duration of the seed pulse equal to T1/1.29. In the above equation all the pulse
lengths are given as the half-width at 1/e intensity, where TFWHM = 2(ln2)
1
2THW.
Equations 5.2 and 5.3 can be rearranged to give two expressions for LD which we
equate to give
z2
 
T2
1
T2
0
  1
! 1
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2
 
T2
2
T2
0
  1
! 1
. (5.4)
When this equation is solved, a value of 0.975 m is obtained for z. Equation 5.3 can
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be rearranged to give the following expression for jb2j:
  b2
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 1 . (5.5)
Using z = 0.975 m, equation 5.5 yields two possible values, either jb2j equals 14.66 
10 3ps2m 1 or 37.98  10 3 ps2/m. Liekki do not provide any information on the
materialdispersionoftheirﬁbre, however, thesecalculatedvaluesareconsistentwith
values used for modelling pulse propagation in Yb-doped ﬁbre around 1 mm of 25
10 3 ps2/m [17].
5.5 Fibre Ampliﬁer Output Characteristics with a 6 GHz
Seed
In this section ampliﬁcation at a higher repetion rate is demonstrated using a 6 Ghz
seed. The 6 Ghz VECSEL produced a train of pulses with a slightly broader band-
width and temporal duration than the 1 GHz VECSEL. The pulse train was 1.6 times
transform limited compared to the 1 GHz VECSEL which was 1.29 times the trans-
form limit; meaning that the 6 GHz pulse train was more strongly chirped than the
1 GHz laser before ampliﬁcation. The pulse train had an average power of 20 mW
measured after the isolator and the laser threshold was 680 mW.
The 6 GHz seed had an asymmetric spectrum, again with the trailing edge to-
wards longer wavelengths. The seed spectrum can be seen in ﬁgure 5.7 a); it was
centred at 1042.88 nm and had a bandwidth of 3.39 nm. The modulations present in
the 1 GHz spectral data have been removed by angle polishing the 6 GHz gain chip;
this has also reduced the size of the side peaks seen in the autocorrelation. The seed
pulse had a duration of 540 fs assuming a sech squared ﬁt to the autocorrelation in
ﬁgure 5.7 b).
After ampliﬁcation, the bandwidth of the pulse had decreased by 0.32 nm and
shifted towards shorter wavelengths. The ampliﬁed spectrum, ﬁgure 5.7 c), has a
FWHMbandwidthof3.07nmcentredat1042.63nm. Theshapeofthepulsespectrum
has been changed slightly by ampliﬁcation, becoming more symmetrical with the
longer wavelength edge becoming steeper. The average power of the pulse train was
increased to 1.58 W, this ﬁgure includes some ASE, estimated from ﬁgure 5.7 e) to be
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Figure 5.7: Ampliﬁer results with a 6 GHz VECSEL seed: (a) seed spectrum; (b) au-
tocorrelation of VECSEL seed including a sech2 ﬁt; (c) ampliﬁed spectrum; (d) au-
tocorrelation of ampliﬁed pulse train; (e) log plot of ampliﬁed spectrum showing
residual ASE. The modulations present in both the ampliﬁed and seed spectra are
due to substrate reﬂections within the VECSEL.
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less than 5 % of the total power measured after ampliﬁcation. The pulse duration has
increased after ampliﬁcation to 550 fs; the ampliﬁed pulse train was thus 1.47 times
transform limited.
Summarising these results, the 6 GHz pulse train has been ampliﬁed by 18.8 dB
while maintaining the temporal shape of the pulse train. The ampliﬁed pulse energy
was 250 pJ and the peak power was 460 W. The change in spectral shape is a small
effect, probably caused by the non-uniform gain experienced across the bandwidth
of the pulse. The nonlinear effect of SPM can cause spectral narrowing, when the
seed pulse initially has a negative frequency chirp [18]. However the effect depends
strongly upon peak power and would be stronger for the 1GHz laser, which experi-
enced less spectral narrowing than the 6 GHz pulse train. An estimate for the GVD
experienced by the pulse in the ﬁbre can again be made by using equations 5.4 and
5.5, by doing this, two possible values of 16.09  10 3 ps2/m or 47.45  10 3 ps2/m
are obtained for b2.
5.6 Conclusions
A single stage Yb-doped ﬁbre ampliﬁer has been constructed, enabling the ampliﬁca-
tion of VECSEL pulses in a regime of low linear dispersion with negligible nonlinear
effects. Up to 19 dB of gain has been achieved at 1 GHz and 18.8 dB at 6 GHz, the
slight difference arising because of a slightly lower coupling efﬁciency of the 6 GHz
seed into the ﬁbre core. At high repetition rates the gain of the ﬁbre depends upon
the average power of the VECSEL seed, so this technique should be scalable to much
higher repetition rates.
The ampliﬁed pulse train maintained its shape in the time domain, increasing
slightly in length; this is an indication that the only dispersive effect of signiﬁcance
was the linear dispersion of the ﬁbre, which was minimised by the short length of ﬁ-
bre being used. In the frequency domain the pulse bandwidth was narrowed slightly,
this effect is primarily caused by the gain of the ﬁbre.
The modelling software provided by Liekki shows that the output power of the
2.2mlongampliﬁerpresentedinthisworkcouldbeincreasedinthreeways. Theﬁrst
way is to increase the average power of the seed light coupled into the ﬁbre; ﬁgure 5.4
shows that around 1.9 W output power should be achievable with 20 mW coupled
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into the ﬁbre. In practice this would require designing a VECSEL that operates with
an increased average power of around 100 mW. This is the least practical approach to
a higher power ampliﬁer. The ampliﬁed signal can also be increased by introducing
more pump power into the ﬁbre; to do this a ﬁbreised pump combiner could be used
to pump with up to 40 W. In addition to pumping harder a longer length of ﬁbre
could also be used, this will increase the length of the ampliﬁed pulse in the time
domain by introducing extra material dispersion; eventually the length of the ﬁbre
will become great enough that nonlinear effects will become signiﬁcant.
The optimum length of ﬁbre would be one where linear dispersion has only a
minimum effect upon the pulse length and the nonlinear effects can still be ignored.
When estimating this optimum ﬁbre length it is useful to characterise the linear and
nonlinear effects by assigning them dispersion lengths LD and LNL as done in section
4.4. The effect of material dispersion is characterised by the length LD, the duration
of a Gaussian pulse will be increased by a factor of
p
2 when the ﬁbre length is made
equal to the dispersion length LD. Using a 500 fs input pulse LD will be equal to 10 m.
Using an input power of 1.5 W and a 500 fs pulse with a 6 GHz repetition rate will
experience nonlinear effects within the ﬁbre with characteristic length LNL = 3.7 m; if
the input power is increased to 5 W then LNL = 1.1 m. This analysis is simplistic but
leads to the prediction that this technique could be scaled to powers of around 5 W.
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118Chapter 6
Nonlinear Ampliﬁcation in a
VECSEL-YDFA
The work described in this chapter aimed to investigate the possibility of exploiting
the nonlinear properties of a ﬁbre ampliﬁer to spectrally broaden a VECSEL pulse
train. As has been described in section 4.4, it is possible for a pulse train to evolve to-
wards a parabolic intensity proﬁle with the important property of a linear frequency
chirp. The pulse duration can be reduced to below that of the seed pulse by compen-
sating for the linear chirp after ampliﬁcation. Parabolic ampliﬁcation of a VECSEL
pulse train has previously been demonstrated in a multistage MOPA system [1]; this
system achieved an average power of 53 W with a pulse duration, after compression,
of 110 fs. The design and testing of a simpler single stage ampliﬁer is described in
this chapter. Computer modelling of the ﬁbre gain and nonlinear pulse propagation
indicate that a parabolic pulse proﬁle with an average power greater than 3 W should
be obtainable.
The evolution of a pulse towards the parabolic regime depends upon the initial
pulse energy and pulse duration as well as the ﬁbre: length, gain and nonlinear pa-
rameter g; where g = n2w0/cAef f and Aef f is the effective area of the ﬁbre mode.
Only limited control over the ﬁbre gain and nonlinear parameter gamma is possible,
this is also the case with the duration of the VECSEL pulses, limited at the time of this
experiment to a minimum of around 480 fs. A Liekki ﬁbre with a core size of 6 mm
was chosen for the ampliﬁer since the small mode area (Aef f) will give enhanced
spectral broadening compared to the large core ﬁbre of section 5.
Once the type of ﬁbre was chosen the analytical techniques described in section
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4.4 were used to estimate the minimum ﬁbre length and the optimum pulse parame-
ters for fast evolution into the parabolic regime. Computer modelling of the gain and
nonlinear pulse propagation were carried out to obtain the optimum pump conﬁg-
uration (with the available sources) and the extent of spectral broadening that could
be expected. The computer modelling indicated that a parabolic pulse proﬁle with
an average power greater than 3 W should be obtainable. An ampliﬁer was con-
structed but failed to demonstrate signiﬁcant gain at the VECSEL wavelength. This
is believed to be due to the low power of the pump source and a mismatch between
the peak gain wavelength of the ﬁbre and VECSEL seed.
6.1 Designing a Single Stage Parabolic Ampliﬁer
The ampliﬁer design was chosen to be based around a length of Liekki ﬁbre with
a 6 mm diameter core. This ﬁbre will have a larger nonlinear parameter g, increas-
ing the spectral broadening caused by SPM, compared to the larger core ﬁbre used
previously in section 5. Once the ﬁbre type was chosen, the analytical expressions
described in section 4.4 were used to estimate the optimum pulse energy and pulse
length required to reach the parabolic regime; the system is considered optimised
when the available pulse length (energy) is chosen to minimize the length of ﬁbre zc
required to reach the parabolic regime.
To achieve the fastest convergence towards the parabolic regime, using a 20 mW
seed with a 1 GHz repetition rate, the optimum initial pulse duration is given by
equation 4.44 (repeated below)
T0 =
6
p
gb2/2A0
g
, (6.1)
where T0 is 14 fs. This time is clearly unobtainable with a VECSEL; the rate of conver-
gence towards the parabolic regime can instead be increased by optimising the pulse
energy of the VECSEL. Assuming a pulse duration of 500 fs, the optimum pulse en-
ergy of the seed is given by equation 4.46 (repeated below)
U
opt
in =
2T3
0g2
27gb2
, (6.2)
where U
opt
in will be 93 pJ, which corresponds to an average power of 93 mW at 1 GHz.
The available gain sample used in this work is over four years old and gives a maxi-
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mum output of around 20 mW; however when newly grown the sample would op-
erate near 100 mW [2].
The following parameters were used in the optimisation equations: g = 1.23 m 1,
g = 0.006 W 1m 1, B2 = 0.025 ps2/m, Uin = 20 pJ and A0 = 9.54. In the literature g has
a number of measured values in the range 2 - 3.510 20 [3], a value of n2 = 2.210 20
is used throughout this chapter. The value of linear gain was obtained by modelling
the output power of a VECSEL pulse train after ampliﬁcation in 15 m of Liekki ﬁ-
bre; the model will be described later where it is used to obtain a more realistic gain
proﬁle, necessary for modelling the nonlinear propagation of a pulse.
The minimum length of ﬁbre required to reach the parabolic regime can be calcu-
lated using equation 4.47
zc(N) =
3
2g
ln
 
Ng
6jgj A2
0
!
; (6.3)
with the pulse parameters obtainable and a value of N = 100, zc has a value of 4.42 m.
It was concluded from this analytical treatment that the ampliﬁer needs to be greater
than 4.42 m in length; however, the ampliﬁer length could be reduced by increas-
ing the average power of the 1 GHz VECSEL to 93 mW. These calculations assume a
linear gain along the ﬁbre of 1.23 m 1 achieved using 15 m of Liekki ﬁbre pumped
with 10 W at 920 nm. Once the pulse train reaches the parabolic regime, the parabolic
proﬁle and linear chirp will be maintained along the remaining length of the ampli-
ﬁer; it is thus desirable to make the ampliﬁer longer than zc since this will increase
the output power and spectral broadening of the pulse train. The optimum length
of the ﬁbre, for obtaining the shortest pulse after compression with the highest aver-
age power, depends upon how the ampliﬁer is pumped. The inversion at each point
along the ﬁbre determines the gain at that location; for example if the ﬁbre were sin-
gle clad with pump light propagating colinearly with the signal within the ﬁbre core,
the inversion will result in reabsorption of shorter wavelengths as the ﬁbre length is
increased pushing the ﬁbre gain towards longer wavelengths. In a double clad ﬁbre
the pump light is not absorbed so strongly by the ﬁbre core and the inversion be-
comes a more complicated function of ﬁbre length. In order to decide upon the best
pump conﬁguration for the ampliﬁer, the gain of a 15 m length of ﬁbre was mod-
elled assuming a 20 mW VECSEL seed, the results of this modelling are presented in
section 6.1.1.
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6.1.1 Fibre Gain Modelling
In order to effectively model the nonlinear propagation of the pulse along the ﬁbre
length a more realistic gain proﬁle is required. To model the gain of Ytterbium doped
ﬁbre, software developed here in Southampton by Fei He et al. was used [4]; this
software is commercially available from VPI systems. The model has been adapted
from existing telecoms software used for modelling erbium doped ﬁbre ampliﬁers.
The model approximates the lateral inversion along the ﬁbre to a ﬂat top proﬁle,
replacing the true radial dependence with overlap integrals for the signal and pump.
The model uses equations 4.8 - 4.10 and 4.5 to obtain the inversion fraction along the
ﬁbre. Steady state solutions are imposed by setting ¶N2(l,t,z)/¶t = 0 and using
the conservation condition N2 + N1 = 1 to solve for the inversion fraction at a given
location. The propagation equations 4.8 - 4.10 are then integrated along the ampliﬁer
to obtain the inversion fraction at each point within the ﬁbre. The software can model
both single frequency and broadband sources where light is treated as a number of
optical beams of frequency Dnk centered at lk = c/nk.
Using the gain modelling software three different end pumping conﬁgurations
were investigated, in each case a 20 mW, 500 fs pulse centred at 1040 nm was used
as the seed. The ﬁrst conﬁguration involved pumping the double-clad ﬁbre with a
920 nm pump source, such that the pump propagated along the ﬁbre in the same
direction as the signal light (forward pumping). A wavelength of 920 nm was cho-
sen since we had two 5 W pump diodes available at this wavelength and it coincides
with one of the ytterbium absorption peaks in ﬁgure 4.2. The results of this modelling
can be seen in ﬁgure 6.1, where the model was run for nine different pump powers
ranging from 1 - 25 W. In ﬁgure 6.1 a) the total gain of the ﬁbre (dB) has been plot-
ted for each of the nine pump powers showing an initial steep change in gain with
increasing pump power; at around 5 W the curve shallows but the gain continues to
increase with pump power even after 25 W.
The model calculates the inversion within the ﬁbre as a function of length which
can be seen in ﬁgure 6.1 b); the 9 pump powers used in the model are also indicated
in this ﬁgure. The modelling shows that the inversion continues to increase with
pump power all the way up to 25 W of pumplight, the greatest inversion occurring
within the ﬁrst two meters of the ﬁbre at every pump power. After about 6 m the
curve ﬂattens out indicating that most of the ﬁbre gain will occur before this point.
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The ﬁnal feature in the inversion plot is a negative gradient for lower pump powers
after about 12 m, this feature will cause some reabsorption of the signal near the end
of the ﬁbre.
The last ﬁgure 6.1 c), shows the signal power and residual pump power (dBm)
at different points along the ﬁbre. In this ﬁgure the bottom curve corresponds to
the lowest pump power (1 W) and the top curve is calculated for the highest pump
power of 25 W. The lowest four output powers (pump less that 5 W) all show signs
of reabsorption within the last 3 m of the ﬁbre. The 6th curve from the bottom, high-
lighted by an arrow, corresponds to a pump power of 10 W; as will be explained, this
pump power was chosen as the most practical for the ampliﬁer.
The second pump conﬁguration was to forward pump the ﬁbre with a 975 nm
source, at this wavelength the Yb3+ absorption is strongest, suggesting that the am-
pliﬁer will give more gain than when pumped at 920 nm. Results of modelling with
a 975 pump can be seen in ﬁgure 6.2, the three graphs show the same trends as in
ﬁgure 6.1. Pumping at 975 nm does indeed give higher gain and slightly greater out-
put power than pumping with a 920 nm source; for 10 W of pump power the 975 nm
source will give 23 dB of gain (3990 mW output power) compared to 22 dB (3160
mW) when pumped with a 920 nm source. A slight disadvantage of using a 975 nm
source is that the Yb3+ absorption feature is spectrally narrow at this wavelength, ne-
cessitating the stabilisation of the pump wavelength; this is not the case with 920 nm
source.
The ﬁnal pump conﬁguration to be investigated was to backward pump the ﬁbre
with a 920 nm source so that the seed propagated in the opposite direction to the
pump light. These results show the correct trends expected for the pump conﬁgura-
tion, but it should be noted that the results presented in ﬁgure 6.3 are not as accurate
as those of ﬁgures 6.1 and 6.2. When modelling a backward pumped ampliﬁer as
the signal increases along the ﬁbre so will the pump intensity making the inversion
calculation more involved, a longer time or more powerful computer is required to
reach the same level of accuracy as was achieved with a forward pumped ampliﬁer.
The most signiﬁcant feature of the end pumping scheme can be seen in ﬁgure
6.3 c) where at all pump powers the signal initially experiences negative gain. Even
with a pump power of 25 W the seed has to travel over three metres of ﬁbre before
increasing in intensity.
123Nonlinear Ampliﬁcation in a VECSEL-YDFA
(a) (b)
(c)
Figure 6.1: Modelling results for Liekki ﬁbre with a 20 mW seed propagating in the
same direction as a 920 nm pump: (a) gain in dBm for various incident pump powers,
(b) ﬁbre inversion percentage, (c) ampliﬁed signal strength (1040 nm) and residual
pump vs ﬁbre length; arrow indicates 10 W pump result. The data indicates that the
peak gain occurs within the ﬁrst 2 m of the ﬁbre and that for pump powers that are
< 5 W some reabsorption of the signal takes place in the ﬁnal 3 m of the ﬁbre.
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(a) (b)
(c)
Figure 6.2: Modelling results for a 20 mW seed propagating in the same direction as a
975 nm pump: (a) gain in dBm for various incident pump powers, (b) ﬁbre inversion
percentage, (c) ampliﬁed signal strength (1040 nm) and residual pump as a function
of ﬁbre length; result with 10 W pump is indicated by an arrow. Data shows a higher
total gain and that the peak signal power is reached after a shorter length of ﬁbre
than when pumped by a 920 nm source. Some reabsorption still occurs in the last 3
m of ﬁbre when pumped below 5 W.
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(a) (b)
(c)
Figure 6.3: Modelling results for Liekki ﬁbre with a 20 mW seed propagating counter
to a 920 nm pump: (a) gain in dBm for various incident pump powers, (b) ﬁbre
inversion percentage, (c) ampliﬁed signal strength (1040 nm) and residual pump as
a function of ﬁbre length with arrow indicating 10 W pumping. The accuracy of
this modelling is reduced due to the increased complexity of modelling a counter
propagating pump. The location of peak inversion and gain within the ﬁbre is more
dependent upon pump power with this scheme. The signal experiences initial loss,
taking longer to reach maximum power than in the equivalent forward pumping
schemes, making this pump conﬁguration less useful for parabolic ampliﬁcation.
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Such a pumping scheme would result in a slower evolution towards the parabolic
regime and less spectral broadening than the forward pumping equivalents, for this
reason a forward pumping scheme was chosen for the parabolic ampliﬁer. It was
decided to pump the ampliﬁer with a 10 W, 920 nm source because of the availability
of pump diodes at this wavelength. The modelling shows that slightly more output
power could be achieved with a 975 nm pump source, however the power obtained
by pumping with 10 W at 920 nm should be sufﬁcient for reaching the parabolic
regime.
The linear gain model has been used to show the signal intensity and location of
peak gain within a 15 m length of ytterbium ﬁbre under different pump conditions,
from this information it is also possible to extract an analytical expression for gain as
a function of ﬁbre length. To obtain an expression of gain as a function of ﬁbre length
for the chosen pump conﬁguration a 5th order polynomial ﬁt is applied to the 6th
curve in ﬁgure 6.1; this gives an expression for the signal power vs length of the form
Psig(L) = a + bL   cL2 + dL3   eL4 + fL5. (6.4)
Here L is the propagation length of the signal, Psig is measured in dBm and the lower
case letters a - f are all constants. The gain expression is obtained by noting that the
incremental gain between two points in the ﬁbre should relate to the change in power
between the two points,
g(L) =
h
bL   cL2...
i
 
h
b(L   dZ)   c(L   dZ)
2 ...
i
. (6.5)
This gain equation will be used in the next section where the nonlinear Schr¨ odinger
equation is solved, enabling the nonlinear propagation of a pulse within the ampliﬁer
to be modelled.The gain g(L) is measured in dB while dZ is the incremental length
(step size) used by the nonlinear propagation model below.
6.1.2 Solving the Nonlinear Schr¨ odinger Equation
For modelling the nonlinear propagation of a pulse it is necessary to solve the nonlin-
earSchr¨ odingerequationwithgain, equation4.34, numerically. Analgorithmwritten
by R. Paschotta [5] was used to calculate the temporal and spectral proﬁle of a 1 GHz
VECSEL pulse train after propagating through 15 m of Yb-doped ﬁbre with either a
linear gain proﬁle ﬁgure 6.4 a) or a gain proﬁle of the form given by equation 6.5;
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in both cases a 500 fs 20 mW seed was assumed and a 10 W, 920 nm pump giving
a total gain of 21.99 dB. The algorithm uses a standard split step Fourier technique
as has been used in other work relating to parabolic ampliﬁcation of pulses [6]. The
principal behind the split step Fourier technique is to split the nonlinear Schrodinger
equation into two segments
¶A
¶z
= ( ˆ D + ˆ N)A, (6.6)
where ˆ N is a nonlinear operator and ˆ D is a linear differential operator accounting
for dispersion and gain in a linear medium. To model pulse propagation along a
length of ﬁbre, the ﬁbre is divided into a number of segments of length h. For each
segment the operators ˆ D and ˆ N will be applied in turn, acting independently upon
the pulse. After each segment a new pulse A(z+ h,T) is obtained that is the result of
both the nonlinear and dispersive effects of the ﬁbre. The advantage of this technique
is that the dispersive effects can be treated in the frequency domain and then Fourier
transformed back into the time domain, making the calculation faster. The overall
accuracy of the calculation increases if the size of the step h is made smaller.
Results of the nonlinear pulse propagation are shown in ﬁgure 6.4 for each of the
longitudinal gain proﬁles. The pulse proﬁle is presented, after ampliﬁcation, in both
the time and the frequency domain showing both the degree of spectral broadening
and the resultant pulse duration. A linear gain of 1.23 m 1 has been assumed in
ﬁgure 6.4 a) while a length dependent gain g(L) was used with in ﬁgure 6.4 b); g(L) is
given by equation 6.5 using the following parameters: a = 10.152, b = 1/864, c = 0.165,
d = 0.0067 and e = 9.62310 5. Both the linear gain and the length dependent gain
are chosen so that the average power of the 20 mW seed after ampliﬁcation is near
35 dBm, matching the output power given in ﬁgure 6.1; with both gain proﬁles the
nonlinear model shows a linearly chirped pulse with a parabolic temporal proﬁle.
Ampliﬁcation with a linear gain will result in less spectral broadening than in the
real ﬁbre, since the peak power builds up more slowly along the ﬁbre length; mod-
elling with a linear proﬁle was carried out to provide an estimate of the minimum
amount of spectral broadening expected from the ampliﬁer. With the linear gain
model results in a parabolic pulse with a FWHM temporal duration of 8.23 ps and
a 22.9 nm FWHM bandwidth. Assuming a linear chirp across the entire pulse, com-
pression of the ampliﬁed pulse would result in a 70 fs pulse (assuming a Gaussian
proﬁle).
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(a)
(b)
Figure 6.4: Nonlinear propagation in the time and frequency domains of a 500 fs
Gaussian seed pulse with repetition rate 1 GHz and average power of 20 mW. (a)
Assumes a linear gain, (b) assumes a ﬁt to the modelled output power as a function
of length in ﬁgure 6.1 (c); with a 10 W 920 nm pump.
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In ﬁgure 6.4 b) the more realistic gain proﬁle has produced a greater temporal and
spectral broadening of the pulse; the resultant pulse has a 21.8 ps duration and a
44.2 nm bandwidth. If this pulse could be compressed with 100 % efﬁciency then it
would be 36 fs in duration.
It should be noted that for ease and speed of modelling the two gain proﬁles were
not wavelength dependent. In a real ﬁbre the bandwidth of the gain is limited. As a
pulse propagates within the ﬁbre the ﬁnite gain bandwidth will eventually limit the
efﬁciency of compression and the bandwidth of the ampliﬁed pulse.
6.2 Ampliﬁer Conﬁguration and Conclusions
An experimental implementation of a VECSEL seeded parabolic ampliﬁer was at-
tempted, with the conﬁguration depicted in ﬁgure 6.5. The ampliﬁer employed a
Figure 6.5: Colinear pump set up for the parabolic ampliﬁer: a ﬁberised pump com-
biner is used to couple the seed/pump into the core/cladding of a 6 mm core Yb-
doped ﬁbre (Liekki1200-6Yb/125DC): DM is a dichroic mirror, L is a lens.
15 m length of Yb-doped ﬁbre (Liekki-Yb1200-6/125DC). The ﬁbre had a 6 mm core
and a 125 mm octagonal cladding and was pumped by a 920 nm pump source. To
enable the seed to propagate in the same direction as the pump along the ampliﬁer
a ﬁbre pump combiner was used. The combiner takes the signals from six large core
ﬁbres (125 mm) and one small core ﬁbre (6 mm) and combines them into a single un-
doped double clad ﬁbre with a core of 6 mm and cladding of 125 mm; the light from
the VECSEL propagates in the undoped core. The combiner was used to combine the
power from two pump diodes with the signal from a VECSEL; a further four pump
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diodes could be combined if more pump power were needed.
The output from the pump combiner was free space launched into one end of
the Yb-doped ﬁbre, providing an incident pump power of 10 W. An optical isolator
is used to prevent light from the ampliﬁer feeding back in to the VECSEL, while
a dichroic mirror was used at the output end to separate the residual pump light
from the ampliﬁed signal. The ﬁbre was angle cleaved at both ends to increase the
laser threshold of the ﬁbre. The seed laser had the same speciﬁcations as the 1 GHz
VECSEL used for the previous ﬁbre ampliﬁer experiment, described in section 5. The
VECSEL incorporated the same angle polished gain chip and SESAM as was used in
the 6 GHz ampliﬁed result and emitted a train of 500 fs pulses with average power
of 20 mW and centre wavelength of 1045 nm.
When the seed was introduced into the ﬁbre it was found that the ﬁbre would not
amplify signiﬁcantly at the seed wavelength. In ﬁgure 6.6 three spectra of the output
from the end of the ﬁbre are displayed corresponding to three different pump pow-
ers. Figure 6.6 shows a laser peak near 1084 nm indicating that without an incident
seed pulse (near 1045 nm) the inversion within the ﬁbre produces peak gain around
1084 nm. The peak at 1084 nm was observed even when both ends of the ﬁbre had
been angle cleaved, increasing the threshold for lasing. When the 20 mW seed was
introduced into the ﬁbre a small peak at the seed wavelength could be observed in
the spectrum (not seen in ﬁgure 6.6 due to spectrometer cut off), however most of the
energy remained within the laser peak at 1084 nm.
The linear modelling of the ﬁbre gain presented earlier in this chapter, showed
that with a 20 mW incident seed the ﬁbre should exhibit gain near 1040 nm, this was
assuming a 50 % coupling efﬁciency into the ﬁbre core. Experimentally, even with an
incident seed power of 20 mW coupled into the ampliﬁer, the inversion within the ﬁ-
bre produced gain close to 1084 nm, thus preventing the ampliﬁcation of the VECSEL
seed. The VECSEL seed was temperature tuned over the range 1037 - 1049 nm and
the ﬁbre ends were angle cleaved a number of times, but the ampliﬁer output was
always dominated by lasing near 1084 nm. This suggests that an insufﬁcient amount
of seed power was coupled into the ﬁbre core.
In conclusion, the gain of a 15 m length of Liekki(Yb1200 6 125DC) has been mod-
elled along with the nonlinear propagation of a 20 mW VECSEL seed pulse within
the ﬁbre. The modelling shows that when pumped with 10 W at 920 nm, the ﬁbre
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Figure 6.6: Spectra taken from the output end of the ampliﬁer conﬁguration of ﬁgure
6.5. The spectra were recorded with three different pump powers as indicated in the
ﬁgure; in each case there was a 20 mW seed incident upon the ampliﬁer. Lasing close
to 1084 nm dominates the ﬁbre output despite the pressence of seed pulses near 1040
nm.
ampliﬁed VECSEL pulse train should exhibit a parabolic temporal proﬁle with a lin-
ear frequency chirp and average power of over 3 W. The ampliﬁed spectrum should
be sufﬁciently broadened to enable compression of the pulse train to below 100 fs
FWHM duration. Experimentally, insufﬁcient signal light was coupled into the ﬁbre
to produce the predicted gain and nonlinear evolution at the signal wavelength. An
improved design upon this ampliﬁer would include a seed source with a greater av-
erage power; once enough power near 1040 nm is coupled into the ampliﬁer core,
the inversion shown in ﬁgure 6.1 will be achieved and the ampliﬁer should behave
as predicted in the modelling. Practically the average power of the seed could be
increased by using an ampliﬁer such as the one demonstrated in chapter 5 to pream-
plify the VECSEL seed. Alternatively the VECSEL gain chip could be regrown to
give slightly higher average power. The regrowth could probably be achieved with
the same design as QT1544 which gave average powers near 100 mW when ﬁrst
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grown [2]. Alternatively a regrowth could involve shifting the gain wavelength to-
wards longer wavelengths, 1060 nm has been demonstrated with the same material
system as QT1544 [7]. The longer wavelength seed would be closer to the peak laser
gain of the ﬁbre and should therefore experience more gain that a 1040 nm VECSEL.
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Conclusions
The passively mode-locked VECSEL is a compact and robust source of ultra-short
pulses, naturally suited for applications requiring gigahertz repetition rates. Where
repetition rate is less important, applications exploiting the properties of ultra-short
pulses require the optimization of one or more of the pulse properties: pulse length,
pulse energy or peak power. The maximum pulse energy and thus the peak power
obtained directly from a VECSEL is constrained by the need to operate the oscilla-
tor at gigahertz repetition rates and is unlikely to exceed the peak powers obtain-
able with ﬁbre lasers and solid state lasers. The pulse energy of a VECSEL can be
increased through power scaling and designing the gain chip for high power oper-
ation. However, the design features necessary for achieving high average powers,
such as a resonant micro-cavity within the gain chip, reduce the bandwidth available
for mode-locking, reducing the obtainable peak power by increasing the pulse length
of the laser.
The research presented in this thesis has aimed to investigate techniques for in-
creasing the peak power of the VECSEL pulse train without redesigning the VECSEL
gain chip for high power operation. The techniques presented in this thesis have
demonstrated that peak powers far exceeding those currently reported for passively
mode-locked VECSELs can be achieved by integrating the VECSEL with existing ﬁ-
bre technology. This work has strongly focused upon the ampliﬁcation of VECSEL
pulses within Yb-doped ﬁbre and as such is mostly applicable to VECSEL sources
that fall within the gain bandwidth of ytterbium.
Fibreampliﬁcationofapassivelymode-lockedVECSELhaspreviouslybeendem-
onstrated at a repetition rate near 1 GHz, where a multistage, master oscillator power
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ampliﬁer (MOPA) was used to achieve average powers in excess of 200 W [1]. The
research presented in this thesis has focused upon extending the work of Dupriez
et al. [1] towards higher repetition rates and shorter pulses. Single stage ytterbium
doped ﬁbre ampliﬁers (YDFAs) were chosen for this work because of their simplicity.
The VECSEL-YDFAs presented in this work thus offer watt level average power at
gigahertz repetition rates, suitable for applications such as coherent terahertz gener-
ation and detection [2] and optical sampling [3].
The properties of optical ﬁbre can be tailored to manipulate the spectral and tem-
poral proﬁle of an ultra-short pulse propagating within the ﬁbre. In the time domain
the dispersive properties of the ﬁbre will cause a transform limited pulse to stretch,
introducing a chirp. This dispersive effect can alternatively be used to compress an
initiallychirpedpulseintime, increasingthepeakpowerofthepulse. Pulsecompres-
sion within a ﬁbre, or by alternative means is only practical when the initial pulse is
linearly chirped, although compression of cubically chirped pulses has been demon-
strated [4].
7.0.1 Frequency Resolved Optical Gating
It was observed that the VECSELs used in this thesis, capable of producing 500 fs
transform limited pulses, would also produce chirped pulses which could be greater
than 1.5 times transform limited and still be close to 500 fs in duration. The phase
structureofthesechirpedpulseshasbeeninvestigated, fortheﬁrsttimetomyknowl-
edge, usingthetechniqueoffrequencyresolvedopticalgating(FROG).AsingleVEC-
SEL gain chip has been mode-locked at two different repetition rates using the same
SESAM. Spectrograms were recorded of the VECSEL pulse train at repetition rates
of 1 GHz and 6 GHz, from which the phase information of the pulses was retrieved
using an algorithm written for second harmonic FROG. These measurements have
shown that the sub-picosecond chirped pulses generated by a Stark-mode-locked
VECSEL have non-linear phase structure, with signiﬁcant contributions from third
order (TOD) and second order dispersion (GDD).
Values for the GDD and TOD experienced by the pulse train have been extracted
from the spectrograms of both the 1 GHz and 6 GHz VECSELs. Since the 1 GHz
VECSEL operated in a multiple pulsing regime, producing pairs of equally spaced
pulses, it was decided to compare the measured phase structure of this source with
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that of a fundamentally mode-locked 6 GHz VECSEL. The two lasers contained the
same gain chip and SESAM and both gave average powers close to 15 mW; the 6 GHz
laser had approximately a third of the pulse energy and pulse peak power of the
1 GHz VECSEL. Plots of the group delay dispersion for each laser show qualitatively
the same behavior, with an apparent reversal in the sign of dispersion between the
two lasers; the 6 GHz VECSEL appears to have a negative frequency chirp. However,
because of the ambiguities present in SHG-FROG it is impossible to know the exact
sign of the dispersion from these measurements alone. It is possible to obtain the
sign of the chirp by breaking the symmetry of the measured spectrogram, this can be
achieved by inserting a glass slide into the beam path [5]. The partial reﬂections from
a glass slide will appear at a later time, with decreased intensity within the measured
spectrogram; this will remove the temporal ambiguity of the FROG trace enabling
for the sign of the chirp to be retrieved. This was not attempted with either of the
VECSELs since the pulse energy was so low the partial reﬂections would not have
been detected by the FROG setup.
If we assume that the sign of the chirp is the same for both repetition rates, the
6 GHz VECSEL has experienced nearly six times as much GDD and two times as
much TOD as the 1 GHz VECSEL. This is surprising since the two lasers operated
at slightly different wavelengths, so that the 1 GHz laser experienced more positive
GDD and TOD from the etalon and material effects within the cavity. The 1 GHz
VECSEL also had three times the pulse energy of the 6 GHz VECSEL, and was ex-
pected to be more strongly chirped by intensity dependent effects, such as changing
carrier concentration and self phase modulation.
7.0.2 Fibre Ampliﬁcation
A single stage Yb-doped ﬁbre ampliﬁer has been constructed, enabling the ampliﬁca-
tion of VECSEL pulses in a regime of low linear dispersion with negligible nonlinear
effects. The ampliﬁer has been tested with two different VECSEL seeds; up to 1.9 dB
of gain has been achieved at a repetition rate of 1 GHz and 1.88 dB at 6 GHz, the
slight difference arising because of a slightly lower coupling efﬁciency of the 6 GHz
seed into the ﬁbre core. This technique should be scalable to higher repetition rates
since the gain of the ﬁbre depends upon the average power of the VECSEL seed.
In the frequency domain the nonlinear properties of the ﬁbre can be used to alter
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the pulse spectrum. The interaction of self phase modulation (SPM) with the lin-
ear dispersion of the ﬁbre can be used to spectrally broaden an ultra-short pulse,
if the correct ﬁbre/pulse parameters are chosen then the resulting spectrally broad-
ened pulse will have a linear chirp, and can be compressed in time to increase the
peak power of the pulse; this effect causes the pulse to have a parabolic temporal
proﬁle. Parabolic ampliﬁcation of a VECSEL pulse train, where ﬁbre gain was also
present, has been attempted at 1 GHz using the ampliﬁer conﬁguration described in
chapter 6. Experimental realization of a working single-stage parabolic ampliﬁer was
not achieved due to a mismatch between the optimum gain wavelength of the ﬁbre
with that of the VECSEL. The changes to the ampliﬁer and seed source necessary to
achieve parabolic ampliﬁcation have been described, but were not implemented due
to the need to grow a new gain sample and SESAM.
The gain of the ampliﬁer and nonlinear evolution of the pulse train inside the
ﬁbre with gain, have been modelled using two different software packages. From
this modelling it is predicted that an ampliﬁer could be realized with 35 dBm of gain
at a wavelength near 1040 nm. The resulting spectrally broadened pulse train will
be linearly chirped, with sufﬁcient bandwidth to be compressed in the time domain
to give sub 100 fs pulses. It should be noted that the nonlinear propagation model
assumes a ﬂat gain proﬁle in the frequency domain, in reality the gain proﬁle of the
ﬁbre will result in a narrower, compressible, spectrum than what has been predicted.
At a repetition rate of 1 GHz a 100 fs pulse with an average power of 3.1 W as should
be obtainable with parabolic ampliﬁcation will have a peak pulse power of 29 kW,
this should be compared with a peak power of 112 W obtained by the highest re-
ported average power mode-locked VECSEL [6], and 84.6 W obtained with 260 fs
pulse reported by this group [7].
7.0.3 Future Work
VECSEL pulses could be ampliﬁed to the parabolic regime by incorporating a pream-
pliﬁer into the ampliﬁer conﬁguration described in chapter 6. This preampliﬁer
should be of the same type as the scheme demonstrated in chapter 5 of this thesis.
By doing so, it should be possible to measure the average power required to reach
the parabolic regime at wavelengths near 1040 nm. A VECSEL gain chip could then
be designed to operate at this average power.
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Wavelength conversion using an optical parametric oscillator (OPO) is a widely
used technique with solid state lasers, for example to convert the 1064 nm output
from a ﬁbre ampliﬁed Nd:YVO4 to a wavelength near 1550 nm, suitable for telecoms
applications [8]. The integration of an OPO with the ﬁbre ampliﬁed VECSELs de-
scribed in this thesis would enable sub-picosecond operation at wavelengths where
the semiconductor growth technology is not yet mature enough to match the perfor-
mance of the GaAs based material used in this thesis.
The speed of phase characterisation of the VECSEL output can also be improved.
A single spectrogram, such that presented in chapter 3, took several minutes to ac-
quire due to the mechanical translation of the delay line. There are now commercially
available systems, such as video FROG, that can record a spectrogram, and retrieve
the phase of the pulse in a matter of seconds.
TheVECSELscharacterisedinthisthesiswereoperatinginthefemtosecondregime,
with a stable pulse shape and temporal duration. There are, however, a number of
other regimes, where the pulse spectrum and temporal duration evolve slowly over
a number of minutes. Using a video FROG it would be interesting to observe the
phase evolution of these transitory pulse regimes.
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